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ABSTRACT 
Ex-situ conservation practices are often becoming essential to maintain 
biodiversity and prevent the extirpation of vulnerable species. Huron-Erie Corridor 
populations of Lake Sturgeon (Acipenser fulvescens) are currently undergoing 
restoration efforts. Knowledge is currently limited regarding the most effective 
supportive breeding program practices for Lake Sturgeon. Our research focused on 
two potential barriers to a successful restoration program. Some adult Lake 
Sturgeon rely on home site fidelity to find appropriate spawning grounds. To 
ensure successful restoration of captively released sturgeon, we examined whether 
amino acid embryological exposure affected chemotactic behaviour. We found that 
juvenile Lake Sturgeon exposed to amino acids during rearing had no significantly 
apparent chemotactic response when exposed to the same cues as juveniles. 
Furthermore, tracking the movement patterns of these released juvenile sturgeon is 
critical to establish the success of a program and can be done by implanting 
acoustic telemetry tags. Laboratory studies were used to determine whether these 
tags impacted swimming performance, growth, and survival in juvenile sturgeon. 
Our results showed that acoustic tags representing up to ~5% of total body weight 
have no significant effects on swimming performance, growth, or survival. 
Collectively, this thesis aimed to contribute to the reintroduction efforts of an 
imperilled species through understanding potential barriers to success. 
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CHAPTER 1 
GENERAL INTRODUCTION  
Introduction 
Anthropogenic stressors are negatively impacting natural populations and leading 
to their declines (Young et al., 2016). Stressors such as invasive species, habitat 
loss/fragmentation, pollution, and overharvesting are common examples of factors that 
can lead to declines of populations (Steffen et al., 2007). When wild populations are no 
longer self-sustaining and stressors have been reduced, ex-situ (outside the organism’s 
natural environment) conservation efforts often become a tool to maintain biodiversity 
and thereby prevent extirpation of the population or species. In the early 1990s the 
discipline of ‘reintroduction biology’ (a field aimed at restoring locally extinct species to 
historical environments with the goal of establishing self-sustaining populations) 
emerged out of the necessity to re-establish and maintain populations using appropriate 
management techniques (Seddon et al., 2014; Seddon et al., 2007). Reintroduction 
biology is centered around the process of ensuring translocation (release of individuals 
into their historical range) success (Seddon et al., 2014).      
Translocation of individuals is an emerging topic which involves relocation of 
organisms with the core goal of re-establishing populations (Tarszisz et al., 2014). 
Translocation conservation outcomes depend on the ability of restoring a species to its 
historical range and when the historical range is available, there are two approaches that 
can be taken: reinforcement or reintroduction (Seddon et al., 2014). Reinforcement refers 
to supplementation of an existing population whereas reintroduction involves 
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translocation after extirpation has occurred (Seddon et al., 2014). Both types of 
translocation efforts involve using ex-situ rearing of organisms to supplement/reintroduce 
species. These methods are often used when there are no viable restoration options left 
and extinction/extirpation is imminent (Chargé et al., 2014b). Effective conservation 
rearing programs are highly complex and establishing a viable population poses many 
challenges (Chargé et al., 2014a). One way to potentially recover a species is through 
reinforcement by supplementing a population using captive rearing (Seddon et al., 2007).  
Captive Rearing Concerns  
 Conservation-based captive rearing generally refers to the raising of species at 
risk in captive settings with the intent of reintroduction to establish a self-sustaining 
population (Landa et al., 2017). A typical example of this would be in captive rearing of 
the Arctic fox (Vulpes lagopus) where pups were reared in captivity, released into 
supplemented release habitats (e.g. artificial dens, appropriate feed, etc. added to 
habitats), and populations monitored until re-establishment occurred (Landa et al., 2017). 
Captive rearing can also be used as a mitigation method, where-in a genetically viable 
population is bred/maintained in captivity until which point wild populations are in need 
of supplementation (Fisch et al., 2013). Regardless of intent, captive rearing can often 
become problematic, especially owing to selection of non-desirable traits/behaviours (in 
captivity) which could negatively impact the release of reared individuals (Huntingford, 
2004; Synder et al., 1996). Research in hatchery reared fish shows strong selection of 
traits including faster growth, lessened predator response, and higher aggression than 
their wild con-specifics (Synder et al., 1996). There are also trade-offs which exist 
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between maintaining fitness and genetic diversity across generations in captivity (Araki 
et al., 2008; Fraser, 2008). The most effective captive breeding restoration efforts must 
limit time in captivity/provide an enriched environment that limits selection of traits 
beneficial in captive settings (Seddon et al., 2007). Furthermore, to establish success of a 
captive rearing program it is critical to be able to track released individuals to assess 
survival and dispersal post-release (Seddon et al., 2007). 
 In was only in the early 1990’s that captive breeding gained large recognition as a 
viable conservation effort (Bowkett, 2009). Zoos can play a large role in in-situ 
conservation, via captive breeding, with considerable effort to maintain genetically 
diverse populations, sustain animals in captivity until potential release, or educate the 
public on conservation issues (Schulte-Hostedde et al., 2015; Gusset & Dick, 2010). 
Captive breeding can also have large management implications for maintaining species, 
especially in terms of fish culture and stocking (OMNRF, 2010).   
Lake Sturgeon 
 Species declines of sturgeon and paddlefish in the Great Lakes can 
generally be attributed to a combination of overfishing, habitat degradation/loss, low 
genetic variability, and contaminants (Billard & Lecointre, 2001). Lake Sturgeon 
(Acipenser fulvescens) are the only sturgeon species that are endemic to the Laurentian 
Great Lakes inhabiting waters across the St. Lawrence and as far as tributaries at the 
northeastern reaches of Lake Champlain (Boase et al., 2014; Harkness & Dymond, 1961). 
Across the Great Lakes Basin sturgeon generally inhabit shallow waters, feed benthically, 
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and exhibit spawning periodicity at late ages of sexual maturity (Harkness & Dymond, 
1961).  
After a spawning event, Lake Sturgeon eggs hatch anywhere from 5-10 days at 
which point larvae will drift away from the hatching grounds across various distances 
(Smith & King, 2005). These then endogenous feeding sturgeon are negatively 
phototactic until reaching exogenous feeding where they exhibit more exploratory food 
search behaviour (Harkness & Dymond, 1961; Smith & King, 2005). It is known that 
adult Lake Sturgeon and can sometimes exhibit spawning site fidelity, returning to spawn 
in the same areas depending on the individual (although their has been no definitive links 
to the imprinting response as adults) (Kessel et al., 2018; Auer, 1999)   
Detroit River Lake Sturgeon populations have specifically suffered drastic 
population declines since the 1800’s (Harkness & Dymond, 1961). Populations were 
subjected to extensive overharvesting in the 1800’s through the introduction of a 
commercial fishery and this led to substantial population declines (Harkness & Dymond, 
1961). Their spawning beds were also affected by pollution from pulp mills which would 
cover potential spawning reefs and remove suitable habitat for reproduction (Harkness & 
Dymond, 1961). Since this time, populations of the Great Lakes Upper St. Lawrence 
region have been classified as threatened after COSEWIC assessment (COSEWIC, 
2006). Recent telemetry studies across a six-year period (2011-2016) have indicated that 
adult populations (n=268) of Huron Erie Corridor Lake Sturgeon display five unique 
migration behaviours (Kessel et al., 2018).  The varied use of river and lake systems 
across these groups further subdivides these individuals into 14 subgroups (Kessel et al., 
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2018). Restoration efforts have been ongoing for the species to restore spawning habitats 
and introduce captive rearing as a method to supplement populations (USFWS, 2017; 
Bouckaert et al., 2014).    
Maumee Restoration Effort and Potential Olfactory Challenges 
    Captive rearing of these species has been on-going at the land-based Genoa 
National Fish Hatchery in Wisconsin and more recently through a streamside rearing 
facility run by the Toledo Zoo (USFWS, 2017). The primary goal of these rearing efforts 
are to re-establish the sturgeon to the Maumee River, a tributary to Lake Erie and a 
habitat to which these sturgeon were once historically abundant (USFWS, 2015). 
Presently, the Maumee River has shown to contain suitable habitat to support spawning 
of Lake Sturgeon and provides a potential system to support reintroduction efforts for the 
species (USFWS, 2015). In reintroducing these sturgeon to the Maumee River, The 
Toledo Zoo and Aquarium intends to use streamside rearing to facilitate imprinting on 
natal waters to encourage home site fidelity. There are little behavioral studies to support 
this concept in sturgeon with some literature suggesting that the imprinting mechanism 
has the potential to be established near the transition to exogenous feeding (Zeiske et al., 
2003; Boiko & Grigor’yan, 2000).  
Although sturgeon-based imprinting literature is lacking, research on using odours 
reflective of natural environments in hatchery settings points to the importance of 
olfaction in rearing designs (Carrera-Garcia et al., 2016; Bett & Hinch, 2016; Brooker & 
Dixson, 2016). Aside from incorporating olfactory enhanced rearing into reintroduction 
programs, translocation of reared individuals is often important to establish the success of 
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a captive breeding program. In the Maumee River restoration effort, the success of the 
captive breeding program is based on whether the juvenile Lake Sturgeon come back and 
spawn in the Maumee. Our research intended to characterize this behaviour by using 
studies on scent response and tagging effects to understand home site fidelity and post 
release success using acoustic telemetry.    
Post Release Monitoring  
 Electronic tagging is increasingly being used as to way to establish release 
success and for real time monitoring of populations (Wilson et al., 2015). In various fish 
species, acoustic telemetry tags are used in combination with acoustic receivers 
positioned throughout waterways to inform science and management on fish spatial 
ecology (Jepsen et al., 2015). The Great Lakes Acoustic Telemetry Observation System 
(GLATOS) is a binational database that researchers across the Great Lakes can use to 
combine data on the spatial ecology of fishes implanted with acoustic tags (Krueger et al., 
2017). Although this collaboration can inform effective science and management, 
acoustic telemetry studies must also take into account the effect of the telemetry tags 
implanted into the species of interest (Brown, 2006).  
 Acoustic telemetry tags implanted during tagging studies are generally assumed to 
have little or no negative effects on the species being implanted (Cooke et al., 2011). 
Choosing an appropriate acoustic tag means selecting the most powerful (largest) tag 
with the longest battery life possible. This will ensure longer detections from increased 
ranges and inform better information on spatial ecology. It is often not possible however 
to select the largest tag as acoustic telemetry studies are restricted to choosing tags that 
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will fit into the species of interest. Telemetry studies must therefore account for the 
tradeoff between battery life and weight of acoustic tag. Because of species variation, tag 
burden effects vary widely and it is critical to ensure that the highest-powered tag used 
will not have any negative effects on the species. There are many metrics that be used to 
assess tag burden including survival, growth, and tag retention. Behaviourally, critical 
swim speed (Ucrit) is a common behavioural metric used to measure the effect of swim 
performance and its relation to tag burden (Brown et al., 2006; Peake, 2004). Critical 
swim speed testing shows the maximum amount of time and speed a fish can sustain 
swimming at before fail (Brett, 1964). These tests provide context for different swim 
performance metrics such as predator avoidance and provide a basis of information for 
studies on exercise physiology (Cai et al., 2013; Brown et al., 2006).     
Thesis Overview  
Chemotactic Response and Homing 
 Chemotactic response in fish is critical to various life history stages and has broad 
uses including predator detection, homing, and habitat selection (Brooker & Dixson, 
2016). In sturgeon, chemotactic response to amino acids both laced into feed and dripped 
into tanks during behavioural testing has previously been characterized (Shamushaki et 
al., 2007; Shamushaki et al., 2011; Kasumyan et al., 1999). This literature suggests that 
sturgeon species share attraction behaviour to free amino acids of glycine, alanine and an 
avoidance response to glutamic acid with detection thresholds as low as 1µM 
(Shamushaki et al., 2007; Shamushaki et al., 2011; Kasumyan et al., 1999).   
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In terms of the reintroduction of Lake Sturgeon, understanding the basis of these 
chemotactic responses could elucidate on a potential larval mechanism behind homing. 
We reared Lake Sturgeon (see Chapter 2) using a split clutch design from eggs and milt 
provided by the USFWS (U.S. Fish and Wildlife Service).  During rearing, the sturgeon 
eggs were separated into up to 6 McDonald jars from pooled milt and eggs from 3 
females. Throughout this study, two distinct rearing environments were created. One half 
of the eggs were reared using municipal city water. The other half of the eggs were reared 
in municipal water that had been enhanced with amino acids that were known to affect 
sturgeon olfaction behaviour. When the fish were ~4 months old, they were transferred to 
larger tanks, non-supplemented with amino acids, for the duration of the study. At ~6 
months old we used a Y-maze choice flume to test odour preference in our two groups of 
sturgeon. Lake Sturgeon were placed at the base of the maze and exposed to two different 
types of water (amino acid enhanced water and municipal water). Their swimming 
towards either arm of the flume indicated a preference for a type of water. The proportion 
choosing an odour arm (percentage) was then calculated between the two groups of 
sturgeon. Our research aimed to expand on odour preference in juvenile sturgeon to test 
whether sturgeon could associate with natal rearing conditions as juveniles.  
Acoustic Tagging Effects   
 To establish the success of the streamside-rearing and reintroduction project for 
the Maumee River Lake Sturgeon restoration effort, acoustic tags will be used to track 
movement and ultimately survival of individuals released. Our study (see Chapter 3) 
elected to examine acoustic tag sizes ranging for ~2-5% of total body weight to test 
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whether tagging would have any deleterious effects on juvenile sturgeon in terms of 
critical swim speed, total length, mass, and body condition over an 11-week period post 
tagging. We implanted 60 sturgeon with dummy acoustic tags across four groups 
measuring total length (cm), mass (g), and condition factor (K) after each surgery. The 
sham group (a group used to test surgical effects) was anesthetized and operated on 
without acoustic tag insertion. The V8 (2.0g in air) and V9 (4.4g in air) acoustic tags 
were inserted into the body cavity and sutured closed. Fish in each group (including the 
control i.e. the group which didn’t undergo surgery) had a PIT tag (12.5mm length) 
inserted to establish identity throughout the experiment. After surgery, sturgeon were 
placed into a holding tank where they were allowed to recover from surgery for a 
minimum of 5 days. Fish were measured every 19 days across an 11-week study period. 
We also used a swim tunnel to test for critical swim speed for a subset of tagged 
individuals.  
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CHAPTER 2 
BEHAVIOURAL RESPONSE OF AMINO ACID EMBRYONICALLY EXPOSED 
JUVENILE LAKE STURGEON (Acipenser fulvescens) 
Introduction  
 Humans are environmentally having the largest negative impact on the planet 
leading to the age of the Anthropocene (Steffen et al., 2007). Anthropogenic stressors 
such as pollution, invasive species, habitat loss, and overharvesting are leading to 
declines of wild populations (Steffen et al., 2007). As a result, species supplementation 
(adding to an existing population through captive breeding or head starting) is often 
needed to sustain populations (Kissel et al., 2017). These species are reared in captivity 
and then released into natural environments to support declining wild populations 
(Biggins et al.,1999). Examples of this span across numerous species including the 
Black-Footed Ferret (Mustela nigripes), California Condor (Gymnogyps californianus), 
and Atlantic Salmon (Salmo salar) (Biggins et al.,1999; Houston, 2006; Wilke et al., 
2015). A common issue in captive breeding programs is how captive conditions are not 
reflective of the wild and accordingly reared individuals are learning captive adaptations 
which will not be beneficial in wild settings (Fraser, 2008).  
 In captive rearing of fish, the hatchery environment is often not reflective of wild 
conditions. The lack of predators, no mate choice, and multiple generations in captivity 
can all lead to selective pressures in captive rearing environments which result in 
maladaptive traits suited to captivity, but not the wild (Jackson & Brown, 2011, Fraser, 
2008). For example, in Atlantic Salmon (Salmo salar) it has been found that captive 
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breeding programs can create both phenotypic and genetic changes (in a few months) 
regardless of sharing the same brood-stock (Blanchet et al., 2008). The effects of rearing 
environments have been characterized across various studies with variation depending on 
species (Carrera-Garcia et al., 2016; Johnsson et al., 2014). Irrespective of species, it is 
often crucial to provide an environment that limits selection of traits that are beneficial in 
captivity (Seddon et al., 2007). In captive hatchery rearing environments, fish are often 
raised in waters that do not provide olfactory cues used in natural settings (Dittman et al., 
2015). These sensory (olfactory) cues in rearing environments are another example of 
environmental differences in captive settings which can impact a species.  
 In fish, olfaction plays a critical role in imprinting behaviours including kin 
recognition, habitat selection, and homing (Gerlach et al., 2008; Dixson et al., 2014; Bett 
& Hinch, 2016). In Zebrafish (Danio rerio) research has found that exposure to kin 
during a specific timepoint (six days post fertilization) creates an olfactory imprinting 
process resulting in kin recognition later in life (Gerlach et al., 2008). In larval 
Anemonefish (Amphiprion percula) the potential for imprinting is shown through 
behavioural preference for benthic habitat or novel olfactory cues when exposed to the 
same olfactory cues later during habitat selection. In sensory response, the olfactory 
system is fast adapting and this has been shown through the use of electroolfactograms 
(EOG) (Hara, 1994). In salmonids, this immediate response has been characterized as 
larvae imprint on the unique olfactory bouquets present in their natal streams and use this 
memory to return to the same river system to spawn as adults (Bett & Hinch, 2016). This 
imprinting has been traced to early life stages and recently has been coined the embryonic 
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imprinting paradigm (Dittman et al., 2015). Understanding behavioural aspects of 
imprinting at larval stages has large implications for homing and is important in stocking 
programs to ensure that released fish return to spawn at targeted locations (Dittman et al., 
2015).  Although behavioural preference of certain olfactory cues has been studied 
extensively in Pacific salmonids research is lacking for other fish species, including 
sturgeon.   
 Lake Sturgeon (Acipenser fulvescens) are an endemic species to the Laurentian 
Great Lakes (Boase et al., 2014). The introduction of a fishery in 1860 resulted in 
overharvesting of Lake Sturgeon and by the early 1900s Lake Erie populations had 
decreased by 90 percent (Harkness & Dymond, 1961). Over subsequent years, dredging 
and damns prevented the sturgeon from moving into natural spawning habitats while 
pollution from pulp mills covered potential spawning beds (Harkness & Dymond, 1961). 
COSEWIC (2006) classifies Lake Sturgeon populations in the Great Lakes-Upper St. 
Lawrence region as vulnerable (with status of populations varying based on location). 
Restoration efforts are currently ongoing with captive rearing programs in progress to 
supplement and reintroduce populations (Bouckaert et al., 2014).  
 In 2017, a bi-national effort was established via the Maumee River Lake Sturgeon 
Restoration Program to bring Lake Sturgeon back to a tributary of Lake Erie where they 
were once abundant (USFWS, 2017). The aim of the program was to rear sturgeon in two 
different environments (one through streamside rearing and one at the land-based Genoa 
National Fish Hatchery) and compare restoration success (USFWS, 2017). A main 
difference (aside from different temperature profiles) between the two systems is that 
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streamside rearing would incorporate natural smell cues of the Maumee River while the 
hatchery setting would not. Each type of rearing would allow for production of a many 
individuals for release, however these numbers could be largely increased in a hatchery 
setting. The main way that USFWS (2017) classifies restoration success is whether or not 
large numbers of Lake Sturgeon home in the future to the Maumee River to spawn. 
Therefore, regardless of the number of sturgeon produced, it is critical to understand 
whether the sturgeon will return to targeted release tributaries once they reach sexual 
maturity. Rearing enhancement has been done in streamside rearing facilities to facilitate 
imprinting on natal waters however there is no current behavioural studies that indicate 
imprinting during early life stages (Holtgren et al., 2007). To understand the potential 
benefits of streamside rearing it becomes important to know whether juvenile sturgeon 
can imprint and/or recognize their natal environments.   
Our study aimed to answer whether sturgeon could show the potential for 
imprinting by raising them in environments supplemented with amino acids in order to 
compare individuals raised in one environment to another. We reared Lake Sturgeon 
(from eggs) in two rearing conditions. In the first condition we used amino acids as 
sensory cues found in the river where the sturgeon reside to provide an environment 
similar to what sturgeon would encounter in a streamside environment. This was done by 
supplementing the rearing tank with a concentration of amino acids at ~1.7 µM (see 
Table 2.2). Our second environment served as a control (i.e. rearing water amino acid 
profile would reflect that of the municipal water feeding into the rearing system found in 
many hatcheries) (see Table 2.2). We later exposed the fish (as juveniles) to 
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concentrations of amino acids, provided at rearing and at an increased concertation of 5.1 
µM, to test whether there was any type of behavioural response indicating a preference 
for their ‘natal environments’ and whether preference would vary based on concentration 
(Table 2.3). Our study aimed to show whether there was any short-term behavioural 
preference for rearing conditions in juvenile Lake Sturgeon. We predicted that sturgeon 
raised in amino acid supplemented water would show a significant preference for amino 
acid supplemented conditions and that no preference would be seen in fish raised in the 
control with no amino acid supplementation. We hypothesis this based on prior 
imprinting literature in Russian Sturgeon (Acipenser gueldenstaedtii) and early Acipenser 
olfactory development literature which suggest the potential for an imprinting mechanism 
to occur early into the transition to exogenous feeding (Boiko & Grigor’yan, 2002; 
Zeiske et al., 2003) Through understanding the potential for behavioural associations 
with amino acids our research hopes to fill a knowledge gap while providing 
management implications for the value of streamside rearing. 
Methods 
 Experimental Fish 
 Fish used throughout this study were collected through a collaboration with the 
United States Fish and Wildlife Service (USFWS). Members of USFWS used set-lining 
to capture gravid adult Lake Sturgeon from the Detroit River and throughout the St. Clair 
River separating the cities of Port Huron, Michigan from Sarnia, Ontario (see Boase et 
al., 2014 for details). Sturgeon (n=23) were collected from these setlines (17 males and 4 
females). Sturgeon were transferred to artificial stream channels on the shore of the 
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Detroit River (Purdys Fisheries Inc.), separated by sex, and held for a week prior to the 
egg collection date. During this holding period, an egg maturation assay (Chapman & 
Eenennaam, 2013) was used to ensure that female sturgeon would respond to hormone 
injections. The egg maturation assay indicated that the eggs were at the final stage of 
maturation for four of the female sturgeon and the following day these sturgeon were 
prepped to undergo hormone injections. The fish were induced to spawn using inductions 
of Common Carp Pituitary Hormone (CCPH) the day before egg collection on June 15, 
2017. Guidelines were followed according to the proposed Lake Sturgeon gamete 
collection procedures under the Ontario Ministry of Natural Resources and Forestry 
Permit No: AY-B-003-16. On the day of egg collection, one female sturgeon had 
spawned in the holding tank and therefore did not provide eggs. The remaining three 
females were lifted out of the artificial stream channels and pressure was applied over the 
abdomen as thousands of eggs were collected from each individual. Males were then 
collected and placed/held on their backs. Pressure was applied on the abdomen and a 
syringe was used to collected milt from 17 males (two males did not express milt when 
pressure was applied) which was then placed on ice. After eggs and milt were collected, 
the milt from the 17 males was combined so that ~6 males would fertilize a clutch of 
eggs per female. This was to ensure genetic diversity currently observed in the Detroit 
river (see Welsh et al. (2008)). The females were arbitrability assigned numbers 01416, 
0064, and 01075 (based on floy tags attached during set-lining) and were fertilized by a 
randomized and unique combination of males. Eggs were disinfected with iodine 
concentrations of 10mg/L for 10 minutes (Bouchard & Aloisi, 2002). The milt was 
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activated with water, added to the eggs, and stirred together while being treated with 
Fullers Earth solution (Sigma-Aldrich, Canada, Product Number F200) to prevent egg 
adhesion.    
After gamete collection, a subset of 900g of fertilized sturgeon eggs (from three 
females) were set aside for this study. Fertilized eggs were taken back to the University 
of Windsor Freshwater Restoration Ecology Centre (FREC) in Lasalle, Ontario. Half of 
the eggs from each batch were separated evenly across four McDonald egg incubation 
jars into one side of a 150L rearing tank (Tank A). The other half of the eggs were again 
separated evenly and placed into four McDonald egg incubation jars into the other side of 
the tank (150L, Tank B).  
Amino Acid Treatments  
 The tank used to hatch sturgeon eggs was split in half based on our amino acid 
treatment. Tank A was treated with an amino acid solution made using distilled water 
(see below) while tank B contained non-treated water (i.e. dechlorinated municipal water 
that is already present at FREC). Prior to the beginning of the study, dye trials were used 
to ensure that the amino acid solution was isolated in tank A. A 22500µM stock solution, 
of amino acids, containing equal concentrations of L-isomers of proline (P0380), 
histidine (H8000), glutamic acid (G1251), tryptophan (T0254), alanine (A7627), and 
serine (S4500) (Sigma-Aldrich, Canada; product numbers) was used in tank A (see Table 
2.1). 20mL of frozen stock solution aliquots were added daily to maintain a final 
concentration of 1.7 µM in the rearing system. The concentration and amino acids used 
were chosen based on prior studies in both salmonids and sturgeon species indicating that 
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L-isomer amino acids can be detected (Shamushaki et al., 2007) and imprinted on 
(Dittman et al.,1996) at concentrations as low as 1 µM. 
 Fish were reared at 14.7 ± 0.16°C in two 150L rearing tanks from June 15, 2017 
to August 14, 2017, after hatching from McDonald jars during the first 2 weeks of study. 
On August 14, 2017, the sturgeon (now early stage juveniles) were transferred from the 
two 150L rearing tanks and divided (equally by treatment i.e. control fish and amino acid 
exposed fish) across six 1000L tanks. These tanks were not treated with the amino acid 
solutions detailed above. 
From the start of exogenous feeding (4 weeks post hatch), sturgeon were fed 
Artemia nauplii (brine shrimp) according to the fish culture feeding guidelines (as per 
Aloisi et al. (2006)). These guidelines were followed through a transition to bloodworms 
from August 4, 2017-August 26, 2017. Sturgeon were then transitioned onto EWOS 
Microcrumble #2 pellet and fed at 2% body weight through the rest of their time at 
FREC. Throughout the duration of the study, all animals were reared following approval 
from the University of Windsor Animal Care Committee (AUPP: 17-13).     
Two-Current Choice Flume Design 
 Fish behaviour was assessed using a two-current choice flume (or straight Y-
maze) (see Figure 2.1). Six-month-old juvenile sturgeon (the same sturgeon reared as 
described above) were used across two trials. During behavioural trials, three Y-mazes 
were placed side by side to allow for testing three fish at a time. Each Y-maze was 
constructed of sandblasted (i.e. blurred) Plexiglas to ensure that individuals could not see 
con-specifics during testing. Each Y-maze was connected to two food grade water barrels 
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(527L). One barrel contained control municipal water and the other amino acid 
supplemented municipal water. Each barrel was cleaned to ensure they were scent neutral 
prior to testing. PVC piping connected the Y-maze to the barrels so that the control and 
amino acid supplemented water could be drawn into either arm (side) of the Y-maze and 
randomized during testing. Flow meters were used at the entry of each arm of the Y-maze 
to create the same flow rate in each. Water was pumped into each arm of the Y-maze at 
8Lmin-1 and prior laminar flow testing (using dye trials) showed that there was no mixing 
of water between the two arms and no pooling of water at the base. Using a series of 
baffles and equal flow rates, laminar flow was created (see Figure 2.1). Establishing 
laminar flow was also critical to ensure differentiated scent exposure to potentially trigger 
a fast adapting olfactory response needed to characterize behavioural response (Hara, 
1994). Y-maze setup and use was based on a best practices review (reviewed in Jutfelt et 
al., 2017) to ensure appropriate setup and accuracy of results.   
Behavioural Trials  
 Behavioural trials were conducted on September 14 to September 19, 2017 (trial 
1) and then repeated October 3 to October 7, 2017 (trial 2) (Trial 1: 7.68 ± 0.05cm and 
1.63 ± 0.05g, n=87 and Trial 2: 8.54 ± 0.06cm and 2.33 ± 0.05g, n=89). During trial 1, 
the amino acid supplemented water (in the barrels) was concentrated at 1.7 µM using 
20mL frozen aliquots of stock solution (see Table 2.1). During trial 2, the stock solution 
was concentrated by three times higher and frozen aliquots were used again to create a 
final concentration of 5.1 µM scent supplemented water (see Table 2.1). The control 
water, in the other arm, was pumped in from a cleaned 1000L holding tank and flowed in 
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at the same rate. The concentration was increased during the second trial to test whether 
behavioural response of juvenile sturgeon would vary based on increased concentration 
(Brooker & Dixson, 2016; Shamushaki et al., 2007).  After each trial, the Y-maze was 
emptied and refilled. The arm containing the scent was also alternated each day to avoid 
behavioural preference based on arm. 
At the beginning of each behavioural trial, three sturgeon were haphazardly 
selected from holding tanks and placed at the base of the Y-maze (see Figure 2.1). A 
barrier prevented the sturgeon from swimming into either of the arms. Fish stayed in this 
acclimation area for 5 minutes at which point the barrier was removed and behaviour was 
recorded for 10 minutes using three security cameras (FLIR DNE12TL2 Dome IP 
Camera, https://flirsecurity.com/) each mounted above each of the three Y-mazes. 
Behavioural trial length and design was based on prior Y-maze literature including that 
from Lautala & Hirvonen (2008) and Bett et al. (2016). After the first 5 minutes of 
recording, the scents in the arms were switched and flows adjusted to maintain the 
flowrate established at the start of the trial. We recorded the total amount of time that 
sturgeon spent in the control and amino acid arm (both before and after the arm switch at 
5 minutes). We also recorded the amount of times the sturgeon would cross into the arm 
of the maze containing the odourant. After the trial, total length (cm) and mass (g) of 
each fish was recorded.   
Positive Control Behavioural Trials   
 To establish that sturgeon could smell during experimentation, we ran a subset of 
behavioural trials to use as positive controls. Based on prior literature showing adverse 
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Zebrafish behavioural responses from Vitebsky et al. (2005) we dissolved 1.9g of L-
cysteine (168149) (Sigma-Aldrich, Canada; product number) in distilled water to create a 
final concentration of 30µM during behavioural trials. Following the same methodology 
as described above, we qualitatively analyzed videos from a subset of control (n=15) and 
amino acid exposed fish (n=15) for erratic behaviours indicating adverse reactions to L-
cysteine exposure.   
Video Analyses  
Prior to video analysis, we qualitatively addressed a series of behaviours which 
would not reflect the behavioural metrics of this study (i.e. total amount of time sturgeon 
spent in control and amino acid arm) (e.g. non-exploratory anxiety like behaviours) (see 
Maximino et al., 2010). If any combination of these behaviours occurred during a trial for 
greater than 20% of the total trial time, this fish would be excluded from our data set. 
Movements included: swimming in rapid circles, darting rapidly from side to side in the 
acclimation area, and any amount of streamlining (swimming back and forth) along a 
wall of the maze, or no movement. Videos were recorded using a series of security 
cameras mounted on top of the swim flumes All videos were manually scored using an 
open source coding software, JWatcher (Version 1.0).  Out of 213 analyzed videos, 37 
were excluded due to the fish displaying behaviours not reflective of those described 
above. Two observers were used to analyze behavioural data and a Cohen’s kappa test 
showed there was high correlation between both observers (ĸ=0.83, P<0.001) therefore 
video analysis results were combined.   
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Calculation of Free Amino Acids  
 During rearing of the sturgeon, water samples were haphazardly taken from the 
control and amino acid supplemented tank water to calculate amount of free amino acids 
in each system. Furthermore, water samples were taken during trials 1 and 2 from both 
the control and amino acid arm of the y-maze to confirm the increase in concentration 
between the two trials. Finally, a water sample was taken outside of FREC along the 
Detroit River to use as a reference for what type of amino acids would be occurring in 
natural environments. Samples were collected in 40mL aliquots, frozen in falcon tubes, 
and shipped on dry ice to the SPARC Biocentre analysis lab located at The Hospital for 
Sick Children in Toronto, Ontario for amino acid analysis. 
 At the SPARC Biocentre a Water Pico-Tag system is used to analyze water 
samples for free amino acids which are first lyophilized in the lab. The water samples are 
then hydrolyzed, treated with PITC (phenylisothiocyanate), and then undergo a reverse 
phase HPLC (high-performance liquid chromatography). These samples are then dried in 
a vacuum centrifugal concentrator followed by vapour phase hydrolysis using 6N HCl 
with 1% phenol for 24 hours. When hydrolysis is complete, extra HCl is removed from 
the sample, the hydrolyzates are washed with re-drying solution and then derivatized with 
PITC to make PTC (phenylthiocarbamyl) amino acids. These amino acids are then re-
dissolved in phosphate buffer and transferred to injection vials to be loaded into the 
autosampler. Using the methods described above, SPARC Biocentre is able to detect 
stable amino acids at low levels (i.e. picomoles) (SPARC Biocentre, 2014).   
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Statistical Analyses 
 All statistical tests were run using IBM SPSS Statistics 25. Normality and 
variance were examined for each variable using Shapiro-Wilk analyses with the amount 
of time spent in each arm (in seconds) compared using paired t-tests (α=0.05). Proportion 
of time spent in the amino acid arm was compared using a one sample t-test (µ=0.5, 
α=0.05).  
Results  
Concentrations of Free Amino Acids  
 Amino acid analysis shows that there were ~2-5 times the amount of amino acids 
in the amino acid supplemented water compared to the municipal water (see Table 2.2 for 
details). This confirms that the amino acids added during rearing of the sturgeon were 
maintained at concentrations higher than that of the municipal water. However, the 
concentrations of amino acids maintained during rearing varied by ~2-11 times beyond 
the intended 1.7µM. Amino acid analysis of water from behavioural trials 1 and 2 
showed that concentrations in the amino acid arm were ~65-300 times more concentrated 
than in the control arm (Table 2.3 and Figure 2.8). However, when comparing amino acid 
amounts between trials, the amino acid arm was only ~2 times more concentrated than 
the control arm between trials 1 and 2 (Table 2.3 and Figure 2.8). Amino acid analysis of 
water from The Detroit River water showed that amino acid concentrations varied little 
(~5% difference between all) from those of the municipal water used during trials (Table 
2.4 and Figure 2.8).  
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Behavioural Trial 1 
 For time spent in amino acid (AA) arm, sturgeon behavioural response was not 
significantly different between control (t41=0.031, P=0.98) and amino acid exposed (t46=-
0.045, P=0.97) fish (Figure 2.2 and 2.3). Neither control (t41=-0.031, P=0.98) nor amino 
acid exposed (t46=0.045, P=0.97) fish spent a proportion of time differing from 0.5 (equal 
amount of time in each arm) in the amino acid arm. (Figure 2.6)  
Behavioural Trial 2 
 Similar to trial 1, non-significant results were found between control and amino 
acid exposed fish. Control (t43=-0.79, P=0.44) and amino acid exposed fish (t46=0.53, 
P=0.60) showed no significant difference in time spent in odour arm (Figure 2.4 and 2.5). 
The proportion of time spent in the amino acid arm did not differ from 0.5 in both control 
(t43=0.79, P=0.44) and amino acid exposed (t46=-0.53, P=0.60) fish (Figure 2.7).    
Positive Control Behavioural Trials  
 Video analysis indicated adverse reactions to L-cysteine concentrated at 30µM in 
80% of the fish tested. Typical behaviours included pacing, convulsing, swimming in 
circles, and no movement. Adverse behavioural reaction were characterized based on 
anxiety-like behavioural as previously described by Maximino et al. (2010).          
Discussion  
The juvenile sturgeon in this study did not significantly respond to amino acid 
supplemented water (at ~1.7µM or at ~5.1µM) versus municipal water used as a control. 
Other studies in juvenile sturgeon have indicated the ability for juvenile sturgeon to 
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behaviourally respond to amino acid cues as low as 1µM through taste and olfactory 
response (Boiko & Grigor’yan, 2009; Shamushaki et al., 2007; Kasumyan, 1999). The 
results of such studies suggest the potential for juveniles to respond to a cue when 
exposed during larval stages (Zeiske et al., 2003; Boiko & Grigor’yan, 2009). We 
anticipate a lack of behavioral response could likely owe to not providing an amino acid 
(or equivalent scent) concentration at a high enough level for detection during rearing, 
testing the sturgeon at an incorrect age, providing amino acids that were not appropriate 
for detection, using concentrations during behavioural testing that were also not high 
enough for detection, or not providing an appropriate chemical for detection.     
The lack of behavioural response could likely be in part to odour discrimination 
which is critical to chemotactic response in fish (Brooker & Dixson, 2016). Odour 
discrimination and perception in larval/juvenile fishes is mediated by sensory neurons on 
the olfactory epithelia (Brooker & Dixson, 2016). For fish to display a chemotactic 
behavioural response, the concentration of the odourant must surpass a response 
threshold detectable by the species olfactory system (Brooker & Dixson, 2016). 
Furthermore, since sensory olfactory response is immediate it is possible our behavioural 
trial length was too long to show immediate behavioural preference (Hara, 1994).  Our 
results suggest, that juvenile Lake Sturgeon may not respond behaviourally to amino acid 
sensory cues concentrated at ~1.7µM and ~5.1µM and this could likely be owing to not 
providing the concentration threshold needed or an appropriate amount of time needed 
for detection.  
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Our results suggest that amino acid embryonically exposed juvenile Lake 
Sturgeon show no preference, in behavioural response, to amino acid bouquets as 
juveniles. These results show that juvenile Lake Sturgeon do not display positively 
chemotactic behaviour towards amino acids when exposed to the same odourants as 
juveniles. These results are novel in showing juvenile sturgeon are likely unable to 
differentiate rearing conditions despite home site fidelity behaviour that occurs in some 
adults of the same species (Auer, 1999).  Lake sturgeon reach a late age of reproductive 
maturity (anywhere from 15-25 years depending on the species and sex of fish) (Bruch & 
Binkowski, 2002). Therefore, the physiological mechanism needed to associate with natal 
streams to spawn would likely be unnecessary until sexual maturity is reached. Studies 
have shown that some adult Lake Sturgeon exhibit home site fidelity returning to the 
same location to spawn over the years (Auer, 1999). With documented adult homesite 
fidelity, it could possible that the larval sturgeon had imprinted on the amino acid 
bouquet, but that the behavioral response would not reflect this at this age point (Heise et 
al., 2004). Our study is limited in that we are restricted to testing sturgeon during early 
life stages. Future research could test sexually mature sturgeon using a y-maze system 
with an amino acid profile that matches natal waters. This would provide a combination 
of amino acids present in natural settings to see whether natal odour preference occurs 
later in life. Testing whether amino acid response is based on taste or smell could also 
potentially further explain the lack of response.  
 Physiologically, research indicates that the olfactory epithelium is highly 
differentiated at the start of exogenous feeding in Acipenser species and that (in both taste 
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and olfaction stimuli) various sturgeon species are most sensitive to the potential for 
imprinting at the start of exogenous feeding (Zeiske et al., 2003; Kasumyan et al, 1999). 
Our results can not show whether imprinting occurred as we are limited to data which 
suggests there is no behavioural basis for a physiological imprinting response. Research 
in another species of sturgeon, however, has shown a behavioural response linked to 
imprinting. A study in Russian Sturgeon (Acipenser gueldenstaedti) found that 
morpholine can be used to demonstrate an imprinting process mediated by increasing 
thyroid hormones during larval stages (Boiko & Grigor’yan, 2000). Boiko & Grigor’yan 
exposed post hatch (endogenous feeding larvae) to morpholine at 1×10-9 M and then 
tested attraction/avoidance behaviour (in secondary groups exposed to thiourea and 
triiodothyronine for 14 days) one month after exposure. They found that sturgeon 
attraction/duration of attraction to morpholine was mediated by the imprinting of 
chemical signals occurs during larval stages (Boiko & Grigor’yan, 2000). With larval 
imprinting literature suggesting a potential for behavioural response, we increased the 
concentration of the amino acid bouquet during the second timepoint of testing to 
examine whether preference behaviour could be related to concentration. When the 
concentration of the amino acid bouquet was tripled and juvenile sturgeon response tested 
at 5.1µM, the sturgeon again showed no preference for an elevated concentration of 
rearing conditions. Despite these results, it is likely we can rule out that sturgeon are 
unable to pick up on amino acid cues in general. Previous studies show the ability for 
sturgeon response to amino acid cues (Shamushaki et al., 2007; Kasumyan, 2002). Amino 
acid response has been characterized in various sturgeon species indicating their ability to 
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detect amino acids (L-isomers) at concentrations as low as 1 µM (Shamushaki et al., 
2011; Shamushaki et al., 2007). They are known to respond to olfactory cues, during food 
search behaviour, and can exhibit strong avoidance towards certain amino acids (e.g. 
glutamic acid) with taste preference being highly related to the species (Shamushaki et 
al., 2011). With response being species specific, it could be that the concentration or 
combination of amino acids used was not at a high enough concentration to facilitate a 
physiological response and therefore the increased concentration tested was not 
appropriate to facilitate a behavioral response (Hudson, 1993). These results could be 
reflective of those studies testing the minimum amino acid concentration needed to 
facilitate an oral and extra-oral feeding response among different species of sturgeon 
(Shamushaki et al., 2011; Kasumyan, 2002).  
Results from the quantification between the amount of free amino acids in the 
municipal water during trials and in the Detroit River show nearly identical levels of the 
six amino acids supplemented. In the municipal water used for rearing, however, the 
concentrations of amino acids were ~5-30 times more concentrated than in the control 
arm during trials. These fluctuations could suggest that the sturgeon were unable to 
associate between the two arms of the Y-maze as the control arm concentration was not 
at a high enough concentration threshold for detection. We could take this test further and 
remove specific amino acids via selective removal to test whether response could also be 
based on specific amino acids within the bouquet (Dotson & Westerhoff, 2009). It could 
also be possible that there are other amino acids not included in our bouquet that could be 
important to facilitate a behavioural response (Ueda, 2012). Therefore, varying 
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combinations and types of amino acids could be important to determine a response 
(Dittman et al., 2015; Ueda, 2012).   
 Although sturgeon did not response to varied concentrations of amino acid 
bouquets in our study, future studies could be used to determine a potential chemical that 
Lake Sturgeon will respond to as juveniles when exposed during larval stages. Beyond 
amino acids, we could also use morpholine exposure similar to prior work from Boiko & 
Grigor’yan (2000) to examine whether changing thyroid hormone levels are associated 
with larval imprinting. Other chemicals could also be used to test whether sturgeon 
imprint, such as PEA. PEA (phenylethyl alcohol) is a compound not found in nature 
which has been used across various salmonid studies to test the potential for home site 
fidelity and imprinting (Havey et al., 2017; Bett et al., 2016). Aside from testing other 
chemicals, we were limited on drawing conclusions based on whether response was scent 
or taste based. Taste recognition in sturgeon is regulated through developmental 
adaptations including barbels and mediated through the olfactory bulb (Bardi et al., 
1998). It would have been beneficial to test how the sturgeon would physiologically 
respond to the amino acid bouquet using an electro-olfactogram as in prior research from 
Laberge & Hara (2002). This would allow for detection of olfactory stimulation to the 
exposure or the amino acid bouquet. Alternatively, a secondary y-maze behavioural trial 
could be used where a control group of sturgeon have their nares plugged to assess 
whether the sturgeon response is based on taste or olfaction (Keefe & Winn, 1991). 
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With no Lake Sturgeon specific behavioural imprinting studies currently 
published, there is a need to understand whether these sturgeon are able to associate with 
natal waters to understand homing. Developing on the knowledge gaps in homesite 
fidelity should allow better understanding of stocking success and straying (Smith et al., 
2002). Fidelity has large applications for conservation programs and monitoring efforts 
for species at risk (Canessa et al., 2016; Neuman et al., 2013). This study provides the 
first behavioural support to suggest that juvenile Lake Sturgeon do not show a preference 
for natal rearing conditions. These results could potentially have large implications for 
the benefits of streamside rearing and whether it would be more efficient to raise larger 
amounts of fish in hatchery settings since juvenile response suggests no preference for 
rearing conditions. 
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Table 2.1 Stock solutions made to test amino acid associations in juvenile Lake 
Sturgeon. Trial 1 final stock solution concertation was 22500µM with amino acids added 
dissolved in 500mL of distilled water. Trial 2 final stock solution concentration was 
67500µM with amino acids added dissolved in 1000mL of distilled water. 
 
Amino 
Acid 
(L-
isomers) 
 
Product 
Number 
(Sigma-
Aldrich, 
Canada) 
 
Trial 1 
Amount 
added 
(g) to 
500mL 
of 
distilled 
water 
 
 
Trial 1 
Stock 
solution 
concentration 
(µM)  
 
 
Trial 2 
Amount 
added 
(g) to 
1000mL 
of 
distilled 
water 
 
Trial 2 
Stock 
solution 
concentration 
(µM)  
 
Serine S4500 1.2 22500 7.1 67500 
Alanine A7627 1.0 22500 6.0 67500 
Tryptophan T0254 2.3 22500 13.8 67500 
Glutamic 
Acid 
G1251 1.7 22500 9.9 67500 
Histidine H8000 1.8 22500 10.5 67500 
Proline P0380 1.3 22500 7.8 67500 
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Table 2.2 Concentration of amino acids (µM) during rearing of Lake Sturgeon 
(Acipenser fulvescens) in a control tank (no amino acid supplementation) and an amino 
acid supplemented tank in a 1000mL water sample taken on a haphazard date (July 5, 
2017). Glutamic acid, serine, histidine, alanine, proline and tryptophan were added at 
1.7μM in the amino acid rearing tank. 
Type of amino 
acid 
Concentration of 
amino acids (µM) 
in control tank 
Concentration of 
amino acids (µM) 
in amino acid tank 
Serine 4.49 10.45 
Alanine 4.21 14.83 
Tryptophan 0.07 0.13 
Glutamic acid 0.53 2.34 
Histidine 1.96 9.58 
Proline 4.13 18.03 
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Table 2.3 Concentration of amino acids (μM) in the arms of a Y-maze used for two 
behavioural trials in juvenile lake sturgeon (Acipenser fulvescens) from a 1000mL water 
sample taken on a haphazard date (May 8, 2018) from each arm of the Y-maze. Control 
arm contained municipal water while the amino acid arm contained amino acid 
supplemented water. Glutamic acid, serine, histidine, alanine, proline and tryptophan 
were added at 1.7μM during Trial 1 and at 5.1μM in Trial 2.   
 Trial 1 Trial 2 
Type of 
amino acid 
Concentration 
of amino acids 
(μM) in 
control arm 
Concentration of 
amino acids 
(μM) in amino 
acid arm 
Concentration 
of amino 
acids (μM) in 
control arm 
Concentration of 
amino acids 
(μM) in amino 
acid arm 
Serine 0.15 10.81 0.19 13.51 
Alanine 0.28 18.46 0.34 23.08 
Tryptophan  0.01 3.30 0.02 4.13 
Glutamic acid 0.04 5.17 0.05 6.47 
Histidine 0.07 15.01 0.08 18.77 
Proline 0.18 26.15 0.22 32.69 
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Table 2.4 Concentration of amino acids (μM) found in a 1000mL sample of Detroit 
River water (filtered using a Thermo Scientific Nalgene Rapid-Flow 50mm Filter Unit) 
taken along the shore of the Detroit River on May 8, 2018 outside of the Fresh Water 
Restoration Ecology Centre in Lasalle, Ontario.   
Type of Amino 
Acid 
Concentration of 
amino acids (μM) 
Serine 0.31 
Alanine 0.24 
Tryptophan 0.01 
Glutamic acid 0.04 
Histidine 0.07 
Proline 0.23 
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Figure 2.1 Y-maze flume design used to test amino acid preference of juvenile lake 
sturgeon. 1) Baffle at back of flume to establish laminar flow and keep fish in acclimation 
area 2) Barrier to prevent fish from swimming up into arms 3-4) Sides (arms) of the Y-
maze 5) Series of baffles at front of flume to help create laminar flow. Arrows represent 
flow of water through the Y-maze. Numbers show dimensions with 14cm labelling the 
depth.     
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Figure 2.2 Lake Sturgeon (Acipenser fulvescens) behavioural response (time in arm 
during a 10-minute behavioural trial to a 1.7µM amino acid bouquet. (a) The amount of 
time in arm spent by control fish (b) The amount of time spent in arm by amino acid 
(AA) exposed fish. “AA exposed” fish were reared in amino acid supplemented water 
from egg to juvenile stage (60 days). “Control” fish were never exposed to the amino acid 
bouquet during the same period. 
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Figure 2.3 Lake Sturgeon (Acipenser fulvescens) behavioural response (side preference) 
to a 1.7µM amino acid bouquet. Amino acid exposed sturgeon were reared in amino acid 
supplemented water from egg to juvenile stage (60 days). Control sturgeon were never 
exposed to the amino acid bouquet during the same period. Side preference indicates 
which odour arm the sturgeon was located in at the end of the first 5 minutes of a10 
minute behavioural trial. 
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Figure 2.4 Lake Sturgeon (Acipenser fulvescens) behavioural response (time in arm 
during a 10 minute behavioural trial) to a 5.1 µM amino acid bouquet. (a) The amount of 
time in arm spent by control fish (b) The amount of time spent in arm by amino acid 
(AA) exposed fish. “AA exposed” fish were reared in amino acid supplemented water 
from egg to juvenile stage (60 days). “Control” fish were never exposed to the amino acid 
bouquet during the same period.  
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Figure 2.5 Lake Sturgeon (Acipenser fulvescens) behavioural response (side preference) 
to a 5.1µM amino acid bouquet. Amino acid exposed sturgeon were reared in amino acid 
supplemented water from egg to juvenile stage (60 days). Control sturgeon were never 
exposed to the amino acid bouquet during the same period. Side preference indicates 
which odour arm the sturgeon was located in at the end of the first 5 minutes of a 10-
minute behavioural trial. 
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Figure 2.6 Proportion of time spent by Lake Sturgeon (Acipenser fulvescens) in a Y-
maze arm containing a 1.7µM amino acid bouquet. Dotted line indicates equal proportion 
of time spent in each arm. AA indicates amino acid exposed fish and CTL indicates fish 
never exposed to that amino acid bouquet.      
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Figure 2.7 Proportion of time spent by Lake Sturgeon (Acipenser fulvescens) in a Y-
maze arm containing a 5.1µM amino acid bouquet. Dotted line indicates equal proportion 
of time spent in each arm. AA indicates amino acid exposed fish and CTL indicates fish 
never exposed to that amino acid bouquet. 
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Figure 2.8 Concentration of amino acids (µM) during rearing conditions (upper left), behavioural trials (1 and 2 indicating trials 1 and 
2), and in a sample of Detroit River water.  
   
 58 
 
CHAPTER 3 
ASSESSING ACOUSTIC TAGGING EFFECTS ON SURVIVAL, GROWTH, AND 
SWIMMING ABILITY OF JUVENILE LAKE STURGEON (ACIPENSER 
FULVESCENS) 
Introduction 
 Acoustic telemetry has become a popular method that fisheries scientists use to 
better understand movement and spatial ecology across various species (Hondorp et al., 
2015). Fish are surgically implanted with a transmitter (tag) and released into an array of 
receivers which record and store the signals given off of the transmitter. This data can be 
retrieved at a later date and interpreted to understand movement patterns and survival of 
individuals. Acoustic telemetry studies function under the assumption that the tag and 
implantation method has little or no deleterious effects on the implanted individual based 
on its relation to total body weight (Miller et al., 2014). Winter (1983) was the first to 
propose the ‘2% rule’ which indicates that if a tag is 2% or less than a fishes total body 
weight, it will have negligible effects on growth and survival (Winter, 1983). This rule 
has been contested over time using larger tags with greater tag burdens (up to 12% of 
total body weight) showing negligible effects (Brown et al., 2006). There is presently a 
general consensus that tag burden varies across fish species (Cooke et al., 2011). With 
large variation in morphology, tag effects studies are best compared via species-specific 
studies or studies of fish with similar morphologies/swimming capabilities (Miller et al., 
2014). Regardless, larger tags have longer battery lives which allow for longer rates of 
detection. Larger tags also emit at higher frequencies which allows for increased 
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detection rates helping to better inform the spatial ecology of the species of interest. 
Therefore, it is critical to understand larger tag burdens in order to choose the most 
relevant and powerful tag for the species of interest.  
In sturgeon species, the effect of tagging on larger individuals is well understood 
while research on tag effects in juveniles is limited in scope (Carrera-García et al., 2017). 
In young-of-the-year Siberian Sturgeon (Acipenser baerii), research has shown that 
tagging (using tags of ~1-3% total body weight) can affect swimming ability distance and 
speed (Carrera-García et al., 2017). Further research in tagging of juvenile Green 
Sturgeon (Acipenser medirostris), however, showed no significant differences in either 
swimming abilities or growth between tagged and non-tagged individuals (Miller et al., 
2014). In Lake Sturgeon (Acipenser fulvesens), the effect of tag burden (2% and 4%) was 
compared on dispersal rates in two river systems post-release (Snobl et al., 2015). Using 
a field- based study, researchers found that dispersal rates and survival did not 
significantly differ between tagged juveniles within the two systems (Snobl et al., 2015). 
However, whether the tags affected growth trajectories or condition factor was not 
examined. With high variation in results of tag effect studies in sturgeon species, it is 
likely is essential to use species specific studies to quantify the effects of tag burden.  
In our study, we examined growth, survival, and swimming performance to 
evaluate tag burden (up to ~5%) in juvenile Lake Sturgeon. We predict that if the ‘2% 
rule’ is more related to the species themselves, then we will see no negligible effects of 
increasing tag burden to ~5% of total body weight so long as the tag itself can fit into the 
fish. The results of this study are timely for an ongoing restoration effort to release 
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juvenile Lake Sturgeon to the Maumee River, an Ohio tributary to Lake Erie (USFWS, 
2017). Juvenile sturgeon will be released and implanted with acoustic tags to monitor 
their post-release movement and survival patterns (Justin Chiotti, personal 
communication). The results of our study will serve to aid in the selection of the largest 
(and longest lasting) acoustic tag with negligible effects of survival, growth, and 
swimming ability to enhance the reintroduction effort. 
Methods  
Juvenile (~10 month old) Lake Sturgeon used in this study originating from the 
Detroit River were reared as part of another study with the United States Fish and 
Wildlife Service. Throughout the duration of the study, all animals were reared and cared 
for in accordance with animal care protocols approved by the University of Windsor 
Animal Care Committee (AUPP: 17-13 and 17-22). Throughout the study the sturgeon 
were held in 1000L holding tanks maintained at temperatures of 14.7 ± 0.16°C with 
dissolved oxygen levels kept high (~85-90%). A natural photoperiod was maintained 
throughout the study using a pre-programmed lighting system and exterior windows to 
allow for natural light. Juvenile sturgeon were fed EWOS Microcrumble#2 pellet at 2% 
body weight per day throughout the study.   
Experimental Design    
Surgeries to implant acoustic tags were completed for this experiment at two 
timepoints: April 4, 2017 (n=28) and April 22, 2018 (n=32). All surgeries were 
completed by one person with significant experience conducting surgeries on juvenile 
fishes. Our experimental design included a control, sham control (sham), V8 tag (an 
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acoustic VEMCO telemetry tag, 69.0 kHz, 20.5mm length, 2.0g in air, 0.9g in water; 
https://vemco.com/), and V9 tag (an acoustic VEMCO telemetry tag, 69.0kHz, 24mm 
length, 4.4g in air, 2.1g in water; https://vemco.com/) treatments (see Figure 3.1 for 
experimental design overview). The two tag sizes (V8 and V9 tags) weighed 2.2±0.06% 
and 4.6±0.10% of total body weight and were chosen because they possessed an 
appropriate battery life for realistic movement related studies of juvenile Lake Sturgeon 
(they were deemed the largest possible based on the body cavity size of the juveniles 
used in the study). Control fish were anesthetized but not operated on. The sham 
treatment fish were anesthetized and operated on without acoustic tag insertion (a PIT tag 
was inserted during surgery) and sutured closed (details below). The V8 and V9 acoustic 
tag treatment fish were anesthetized and operated on and an acoustic tag was inserted into 
the body cavity and sutured closed. The acoustic tags used in this study were ‘dummy’ 
(inactive) tags purchased from VEMCO and have the same specifications (e.g. mass and 
buoyancy) as active VEMCO acoustic tags. Fish in each treatment received a PIT tag 
(12.5mm length; Biomark APT12; https://biomark.com/) at the beginning of the study to 
establish identity throughout the experiment.               
Surgery Implantation and Injection of Tags 
Acoustic tags, PIT tags, and surgical equipment were all sterilized using a 
betadine solution and rinsed with distilled water prior to implantation. Food was withheld 
24 hours prior to surgery. All fish were anesthetized using a dose of 110mg/L MS-222 
(tricaine methanesulfonate) buffered 2:1 with sodium bicarbonate. Fish were then 
monitored until opercular movements were slowed and the fish were unresponsive to 
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light physical stimulus. The fish were then removed from anesthetic and placed on their 
backs into a v-shaped holding trough prior to surgery. During this time, the gills were 
continuously irrigated using distilled water. A 3cm incision was then made off-centre of 
the abdominal midline using a sterile number 11 scalpel blade. The acoustic tag (for the 
V8 tag and V9 tag treatment groups) was then inserted with a PIT tag into the abdominal 
cavity. The incision site was sutured closed using 3 simple interrupted 5-0 Ethicon Vicryl 
Plus® absorbable sutures (3-3-2 surgeon knot sequence) with a RB-1 tapered needle at 
0.75cm intervals along the incision length. Fish were then placed into an 1000L holding 
tank and assessed over four hours for recovery.  
Growth, Condition, and Survival Post-Surgery  
Growth, condition, and survival post-surgery were assessed at 19 days intervals 
post-surgery from April 27, 2018-June 23, 2018 for the first surgery timepoint and from 
May 11, 2018-July 18, 2018 for the second surgery timepoint. Growth measurements 
were accounted for by measuring total length (from tip of the snout to the end of the tail 
fin ± 0.2cm) and total mass (± 0.5g using a Ohaus VALORTM 7000 Scale; 
https://us.ohaus.com/). We also calculated for Fulton’s condition factor to determine 
body condition of the sturgeon using the relationship between total length and mass used 
where condition (K) = (Live Weight/ Total Length3)×100 (Craig et al., 2005).     
 Swim Performance Experimental Protocols   
A 30L swim tunnel (Loligo Systems, Denmark; https://www.loligosystems.com/) 
was used to measure swim performance in juvenile sturgeon 5-12 days post-surgery. 
During swim performance testing, the swim tunnel was continuously flushed with new 
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water at the fish’s acclimation temperature of 11°C. Each of the fish examined for swim 
performance (n=15) were then placed one at a time into the working section of the swim 
tunnel (rapidly transferred from a holding tank using a dipnet with less than 15 seconds 
of air exposure) and allowed to recover in the working section of the flume for 20 
minutes using a speed of 5cm/s (i.e. low) flow over the fish in order that they exerted 
only minimal effort to hold themselves in position. After the recovery period the critical 
swim speed (Ucrit) tests were started. Speed was increased sequentially by 5cm/s every 
20 minutes. Speed increases and acclimation periods chosen were based on prior juvenile 
sturgeon critical swim test literature (Downie & Kieffer, 2017; Miller et al., 2014). When 
the fish was pinned to the downstream end for 5 seconds the swim test was terminated. 
The total amount of time swam, sequential speed intervals swam, total body length, and 
weight were then recorded. Critical swim speed values (Ucrit) were then calculated using 
the formula based on Brett (1964);    
𝑈𝑐𝑟𝑖𝑡 = 𝑈𝑓 + [(
𝑇𝑓
𝑡
) × 𝑈𝑣] 
where Uf is the speed (cm/s) of the last interval swam before fatigue, Tf is the time (s) 
swam at the final velocity before fatigue, t is the time increment (1200s) at that velocity 
and Uv is the velocity increment (5cm/s) used throughout the test.  
Statistical Analysis  
Total body length (cm), mass (g), and Fulton’s condition factor (K) of sturgeon 
(from the four treatments) was examined at 19 day intervals over the 76 days (n=4 time 
[Equation 1] 
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intervals) using a repeated measures ANCOVA coding for total body length, body mass 
or condition at start of the experiment as the co-variate (to standardize for initial size or 
condition which can affect trajectory of both factors). Survival data, throughout the 76 
days of the experiment, was analyzed using a contingency table (chi-square test) 
accounting for deaths based on treatment. Individuals who did not survive during the 
experimental period were excluded from the body length and mass analyses. Critical 
swim speeds between the four treatment groups were analyzed using a one-way 
ANCOVA coding for total body length at the start of swim performance testing as a co-
variate (to account for any body size differences on swim performance).  
Results  
 No significant differences were found in total length F[3,52]=0.134 p=0.94 (Figure 
3.2, Table 3.1), body mass F[3,52]= 0.92 p=0.44 (Figure 3.3, Table 3.1) and Fulton’s 
condition factor F[3,52]=0.76 p=0.52 (Figure 3.4, Table 3.2) between treatments. Survival 
was high overall (95 ± 0.07%) with only three deaths throughout the duration of the study 
and there was no significant differences in survival rates across the treatment groups 
(χ2(95)= 0.016, p=0.99) (Table 3.3). Swim performance of sturgeon was not variable and 
no significant differences were found in critical swim speed between treatment types 
F[3,55]= 0.90, p=0.45 (Figure 3.5).      
Discussion  
Growth and Survival  
Our results suggest that acoustic tag burden representing ~2-5% of juvenile 
sturgeon mass has no significant effects on total length (cm), mass (g), body condition 
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and survival up to 76 days post-surgery compared to control treatments. When using 
behavioural metrics to assess tag burden we also found that critical swim speed is not 
significantly affected by a tag burden of ~2-5% across the same time interval post-
surgery.     
Consistent with studies on other species of sturgeon, our results suggest that tags 
representing up to 4.6±0.10% of juvenile mass have no significant effects on growth or 
survival. Effects of acoustic tags, but at a lower percentage of body weight, on juvenile 
sturgeon has been previously characterized using growth, survival, and incision healing 
in Green Sturgeon (Acipenser medirostris) (Miller et al., 2014). Miller et al. (2014) 
implanted dummy acoustic tags (1.31% ± 0.04 SE of body mass) using a similar 
experimental design to this study and across a 140 day study period, sturgeon were tested 
for incision wound healing, tag retention, and growth/survival (Miller et al., 2014). 
Acoustic tags did not significantly affect growth or survival and the wound inflammation 
declined similarly in all treatments throughout the duration of the study (Miller et al., 
2014). Previous research from Carrera-García et al. (2017) also looked at tagging effects 
in juvenile Siberian Sturgeon (Acipenser baerii) using dummy-acoustic tags which 
represented 1.3-2.6% of total body weight in the fish swam. Results showed that tagging 
did not affect body length or weight at 15 or 30 days after tagging and after one month 
survival was high with 98% survival for tagged sturgeon (Carrera-García et al., 2017). 
Acoustic tag burden studies have also been tested in field settings.  
In juvenile sturgeon, research from Snobl et al. (2015) indicates that tags up to 4% 
of total body weight do not alter Lake Sturgeon survival or movement. In this study, post-
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release dispersal rates were compared in two groups of Lake Sturgeon (48 total) 
implanted with sonic radio transmitters that represented 2 and 4% of total body weight. 
The sturgeon were released at two tributaries of Lake Winnebago, Wisconsin and 
dispersal rates were compared in the two groups (Snobl et al., 2015). Results indicated 
that tag burden did not impair dispersal rates or survival of the age-0 lake sturgeon tested, 
however the researchers did not account for differences in swimming performance (Snobl 
et al., 2015).  
Swim Performance    
In our study, swimming performance of juvenile Lake Sturgeon was not 
significantly affected by the implanted acoustic tags (relative to control treatments) and 
similar behavioural results have been found in multiple species of juvenile sturgeon. 
Miller et al. (2014) found no significant effects in critical swim speed (8-53 days post-
surgery) across tagged groups of Green Sturgeon and that inflammation after tag 
implantation was not related to critical swim speed. Carrera-Garcia et al. (2017) also 
found similar results using video tracking to categorize critical swim speed at 2, 7, 12, 21, 
and 26 days post- tagging. Our swim performance results are similar to those in other 
juvenile sturgeon species, of similar total length, that are not implanted with acoustic 
tags. Adams et al. (2003) found similar results when using Ucrit testing with species of 
Shovelnose (Scaphirhynchus platorynchus) and Pallid Sturgeon (S. albus). Juvenile 
sturgeon were swam using a swim tunnel at temperatures of 20 and 10°C and no 
differences were found in swim speeds between the groups with values of 1.7 total 
length/second (Adams et al., 2003). These results are consistent to other studies focused 
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on critical swim speed of juvenile sturgeon (Cai et al., 2013). General trends across 
studies indicate that smaller sturgeon have higher critical swim speeds which decrease as 
they get larger (Downie & Kieffer, 2017; Peake et al., 1995).  
 Our results suggest that acoustic tag burden can be pushed to nearly 5% of 
juvenile sturgeon body weight and have no significant negative effects on swimming 
ability, total length, mass, and survival. Our study however, was limited in the amount of 
time the fish were studied (April 4, 2018-July 7, 2018). A longer-term effect study might 
be able to show any long-term effects of tag burden on juvenile sturgeon. We were also 
limited on the size of acoustic tag that we could implant into the peritoneal cavity due to 
the overall elongated shape of the sturgeon at the time of surgery. Future studies on these 
species, would likely benefit from prolonging the tag implantation to when sturgeon are 
larger and able to fit a larger tag with longer battery life. Furthermore, we only examined 
four potential metrics of possible tag burden effects. Swim performance can be 
categorized using swim tests outside of critical swim speed including endurance testing 
or accounting for varying swim behaviours including tail beat frequency, burst 
swimming, prolonged swimming, etc. (Katopodis & Gervais, 2016). Incorporating one, 
or various metrics could account for differences in swimming ability not provided by 
critical swim testing. Aside from swim performance, other physiological metrics could be 
used to account for tag burden effects including using respirometry to study metabolic 
rates (Dutil et al., 2007). It is now more widely accepted that tag burden is more closely 
related to a wider range of factors rather than total body mass (Thorstad et al., 2013). 
Thorstad et al. (2013) stress that the study objective, tagging method, and species tested 
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are critical factors that play into how tag burden can impact a species based on their total 
body mass to tag ratio. In reintroduction of Lake Sturgeon, more realistic field tests are 
needed to study tag burden where results have relevance to behaviour and post-release 
monitoring.  
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Table 3.1 Mean ± S.E. total length (cm) and mass (g) of juvenile Lake Sturgeon (Acipenser fulvescens) implanted with acoustic tags 
measured at 19 days increments post-surgery. The sham group was anesthetized and operated on without acoustic tag insertion. The 
V8 (2.1g in air) and V9 (4.4g in air) acoustic tags were inserted into the body cavity and sutured closed. Fish in each group (including 
the control) had a PIT tag (12.5mm length) inserted to establish identity throughout the experiment.             
Treatment n Day 19 
Post-
Surgery 
(cm) 
Day 19  
Post-
Surgery 
 (g) 
Day 38 
Post-
Surgery 
(cm) 
Day 38 
Post-
Surgery 
(g) 
Day 57 
Post-
Surgery 
(cm) 
Day 57 
Post-
Surgery 
(g) 
Day 76 
Post- 
Surgery 
(cm) 
Day 76 
 Post- 
Surgery  
(g) 
Control 14 27.5±0.29 84.0±3.14 28.6±0.35 95.9±4.17 29.8±0.41 111.9±5.57 31.0±0.39 131.14±5.45 
Sham  15 28.7±0.32 90.5±4.00 29.4±0.42 103.6±6.30 30.7±0.45 121.5±6.69 31.7±0.43 137.27±7.43 
V8 14 28.6±0.33 95.9±3.61 29.5±0.41 107.0±5.30 30.7±0.44 123.7±6.37 31.7±0.42 138.93±6.92 
V9 14 28.2±0.31 96.3±2.16 28.6±0.35 95.9±4.17 30.5±0.37 123.0±4.87 31.5±0.43 137.61±6.16 
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Table 3.2 Mean ± S.E. for Fulton’s condition factor (K) of juvenile Lake Sturgeon (Acipenser fulvescens) implanted with acoustic 
tags measured at 19 days increments post-surgery. The sham group was anesthetized and operated on without acoustic tag insertion. 
The V8 (2.0g in air) and V9 (4.4g in air) acoustic tags were inserted into the body cavity and sutured closed. Fish in each group 
(including the control) had a PIT tag (12.5mm length) inserted to establish identity throughout the experiment. 
 
Treatment n Day 19 Post-
Surgery 
Day 38 Post-
Surgery 
Day 57 Post-
Surgery 
Day 76 
 Post-Surgery  
Control 14 0.40±0.012 0.41±0.012 0.42 ± 0.013 0.44±0.012 
Sham  15 0.38±0.0091 0.40±0.0094 0.41±0.0083 0.42±0.0096 
V8 14 0.41±0.0078 0.42±0.011 0.43±0.013 0.43±0.013 
V9 14 0.43±0.011 0.44±0.012 0.43±0.012 0.44±0.015 
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Table 3.3 Survival of Lake Sturgeon (Acipenser fulvescens) based on treatment type. Observed survival indicates the number of 
sturgeon that survived during the study period from April 4, 2018-July 7, 2018. The sham group was anesthetized and operated on 
without acoustic tag insertion. The V8 (2.1g in air) and V9 (4.4g in air) acoustic tags were inserted into the body cavity and sutured 
closed. Fish in each group (including the control) had a PIT tag (12.5mm length) inserted to establish identity throughout the 
experiment. 
  Observed Survival Expected Survival 
 
Total 
Treatment Control  14 15 29 
 Sham  15 15 30 
 V8  14 15 29 
 V9 14 15 29 
 Total 57 60 117 
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Figure 3.1 Graphical representation of the experimental design for the acoustic tagging 
of juvenile Lake Sturgeon (Acipenser fulvescens). There were four treatment groups: a 
control (anesthetized and no acoustic tag inserted n=15), sham control (anesthetized and 
sutured with no acoustic tag inserted, n=15), V8 acoustic tag (a 2.0 tag in air, inserted 
into anesthetized fish, n=15) and a V9 acoustic tag (a 4.4g tag in air, inserted into 
anesthetized fish, n=15). After tagging, the fish were returned to a holding tank for a five-
day recovery period and were monitored for survival and growth over 76 days post-
surgery.  
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Figure 3.2 Mean ± S.E. total length (cm) of juvenile Lake Sturgeon (Acipenser 
fulvescens) measured at 19-day increments post-surgery across four measurements 
timepoints on day 19, 38, 57, and 76 days post-surgery. Total length measurements were 
ANCOVA adjusted for initial total length at day 19. There were four treatment groups: a 
control (anesthetized with no acoustic tag inserted), sham control (anesthetized and 
sutured with no acoustic tag inserted), V8 acoustic tag (a 2.0 tag in air, inserted into 
anesthetized fish) and a V9 acoustic tag (a 4.4g tag in air, inserted into anesthetized fish).  
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Figure 3.3 Mean ± S.E. mass (g) of juvenile Lake Sturgeon (Acipenser fulvescens) 
measured at 19-day increments post-surgery across four measurements timepoints on day 
19, 38, 57, and 76 days post-surgery. Mass measurements were ANCOVA adjusted for 
initial mass at day 19. There were four treatment groups: a control (anesthetized and no 
acoustic tag inserted), sham control (anesthetized and sutured with no acoustic tag 
inserted), V8 acoustic tag (a 2.0 tag in air, inserted into anesthetized fish) and a V9 
acoustic tag (a 4.4g tag in air, inserted into anesthetized fish). 
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Figure 3.4 Fulton’s Condition factor (K) of juvenile Lake Sturgeon (Acipenser 
fulvescens) at 19-day increments post-surgery across four measurements timepoints on 
day 19, 38, 57, and 76 days post-surgery. Condition factor measurements were ANCOVA 
adjusted for initial condition at day 19. There were four treatment groups: a control 
(anesthetized and no acoustic tag inserted), sham control (anesthetized and sutured with 
no acoustic tag inserted), V8 acoustic tag (a 2.0 tag in air, inserted into anesthetized fish) 
and a V9 acoustic tag (a 4.4g tag in air, inserted into anesthetized fish).  
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Figure 3.5 Critical swim speed (total body length/second) of juvenile Lake Sturgeon 
(Acipenser fulvescens) from the four experimental treatments. Ucrit measurements were 
ANCOVA adjusted for initial total length at start of Ucrit behavioural testing. There were 
four treatment groups: a control (anesthetized and no acoustic tag inserted), sham control 
(anesthetized and sutured with no acoustic tag inserted), V8 acoustic tag (a 2.0 tag in air, 
inserted into anesthetized fish) and a V9 acoustic tag (a 4.4g tag in air, inserted into 
anesthetized fish). 
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CHAPTER 4 
GENERAL DISCUSSION 
Summary  
There were two main goals of this Master’s thesis. The first objective was to 
examine the relationship between larval Lake Sturgeon (Acipenser fulvescens) amino acid 
exposure and whether is could be associated with positive chemotactic behaviour during 
juvenile stages. The second objective was to examine whether acoustic tag burden (~2-
5% of total body mass) affected swim performance, growth, and survival 76 days post-
surgery in juvenile Lake Sturgeon. This chapter provides a summary of findings in 
Chapter 2 and Chapter 3 and will suggest future directions to further research on scent 
enhancement and tagging effects in juvenile Lake Sturgeon.  
Chapter 2 
 When reintroducing Lake Sturgeon to the Maumee River the long-term goal is to 
have populations be self-sustaining by having these individuals return at sexual maturity 
to spawn in the tributaries at which they are released. There is little evidence, however, to 
confirm whether or not juvenile Lake Sturgeon could potentially exhibit this behaviour if 
exposed to olfactory natal cues as larvae (Boiko & Grigor’yan, 2002; Auer, 1999). This 
chapter examined whether exposing Lake Sturgeon (from egg to four months of age) to 
an amino acid bouquet would result in a positive chemotactic response to the same scent 
as juveniles. I used Y-maze behavioural trials to expose juvenile sturgeon to amino acid 
bouquets presented at rearing conditions and at increased concentrations to test for 
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odourant preference. Overall, results showed that there were no significant differences in 
preference for odourant of those fish raised in amino acid enhanced conditions.  
Detection Threshold of Amino Acids 
 In chapter 2, I chose amino acid odourants to test for olfactory behavioural 
response. However, literature on amino acid odourant response is limited aside from 
studies on feeding response behaviour (Shamushaki et al., 2011; Shamushaki et al., 
2007). To compensate for this, I mimicked studies among salmonids to pick a 
concentration threshold and types of amino acids that could potentially elucidate a 
behavioural response (see Dittman et al., 1996). These studies suggested there is a large 
variation in using amino acids as olfactory stimulants with response varying greatly based 
on life stage, the species tested, whether the study is based on behavioural or 
physiological results, and the amino acids chosen (Braubach et al., 2013; Yamamoto et 
al., 2010; Dittman et al., 1996). This meant that that choosing the correct combination 
and concentration of amino acids to facilitate a behavioural response was more based on 
trial and error. Future studies could choose from other chemicals and replicate my 
experimental design to test whether sturgeon would respond to other odourants. Scholz et 
al. (1978) imprinted rainbow trout using morpholine and then tested homing variation in 
imprinted fish and found that those imprinted on morpholine strayed less and homed to 
areas treated with morpholine at greater rates. I could potentially replicate this study 
using sturgeon and have morpholine dripped into rivers where restoration attempts are 
targeted to test homing behavioural response.  
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Adult Sturgeon: Assessing Behavioural Preference 
 The largest limitation of chapter 2 is that I was only able to test juvenile sturgeon 
and could not test reproductively mature sturgeon as this will not occur until 15-25 years 
later depending on the sex (Peterson et al., 2007). Because the overall goal of the 
Maumee River Lake Sturgeon Restoration program is to have adult sturgeon return to 
their natal grounds to spawn, it would be important to study adult behavioural response as 
well as juveniles. These results could provide information on the relevance of homesite 
fidelity. A future study could incorporate spawning surveys similar to Thiem et al. (2013) 
to both characterize reproductive success of released sturgeon and use PIT tag 
identification to determine whether spawning adults were a part of the Maumee River 
release cohort. Alternatively, one could haphazardly choose a subset of adult Lake 
Sturgeon to take back to the lab and test for behavioural scent preference following the 
same methods as described in chapter 2. In choosing spawning site adults one could 
potentially guarantee that these sturgeon are reproductively mature and therefore would 
likely be more responsive to natal scent cues than juveniles. Repeating behavioural 
experiments with adult sturgeon could potentially explain whether scent preference 
would vary with age or at the least identify ontogenetic effects of olfactory based 
imprinting.     
Brain Physiology  
 In this study, I was restricted to solely testing behavioural response and did not 
account for any potential changes in brain physiology between control and amino acid 
exposed sturgeon. By developing on prior research in electron microscopy of early 
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olfactory development of Sterlet (Acipenser ruthenus) and Siberian sturgeon (Acipenser 
baerii) I could qualitatively assess differences in brain morphology in Lake Sturgeon 
(Zeiske et al., 2003). Through a collaboration with Barb Zielinski and her fish olfaction 
laboratory (Ochs et al., 2017) we were able to produce a map of cross sections (330 μm-
840 μm) of the Lake Sturgeon olfactory bulb (see Figure 4.1). Using track tracing we 
were able to make an immunohistochemical comparison of olfactory bulbs in Chinook 
Salmon (Oncoryhynchus tshawytscha), Zebrafish (Danio rerio), and Sea Lamprey 
(Petromyzon marinus) (Ochs et al., 2017; Braubach et al., 2012; Braubach et al., 2013; 
Frontini et al., 2003). Our research is the first that we are aware of to show a 
morphological description of the Lake Sturgeon olfactory bulb (Table 4.1). Our results 
are initial at this time and we did not look at a comparison between the brains of those 
amino acid exposed sturgeon and control sturgeon. Future research could develop on this 
by characterizing further areas of the brain (e.g. crypt cell characterization as with prior 
research from Camacho et al. (2010)) to determine any differences between treatment 
groups.          
Chapter 3 
 In reintroduction programs, characterizing the success of a program is generally 
done via post-release monitoring (Seddon et al., 2007). In fish, acoustic telemetry 
provides a method to understand movement ecology including site fidelity and release 
success (Kessel et al., 2018, Pursche et al., 2013). In chapter 3, I examined the effects of 
acoustic tag burden on juvenile sturgeon. The goal of this chapter was to understand what 
the ideal acoustic tag size is for juvenile sturgeon to choose a tag that can provide the 
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largest battery life with higher detection rates while having no significant effects on 
survival, growth, condition factor, and swimming performance after implantation. I used 
two types of acoustic tags which represented ~2-5% of total sturgeon body mass (g) and 
monitored these fish for the following 76 days post tagging. Using total length (cm), mass 
(g), and survival I found that acoustic tag burden had no significant effects on these 
metrics. I also swam a subset of fish 5-days post surgery to examine whether tag burden 
could be related to critical swim speed. I found that tag burden has no significant effects 
on critical swim speed.  
Tag Size Limitations  
 There is a wealth of literature in tag burden studies across multiple fish species 
and spanning various tag types (Ammann et al., 2013; Jepsen et al., 2002). The common 
theme to these studies is that tag burden effects are often species specific and tag 
dependent (Thorstad et al., 2013). Our study addressed this by using Lake Sturgeon as a 
species to study the effects of intracoelomic transplantation of acoustic tags representing 
~2-5% of juvenile sturgeon body mass. Our study was restricted in using smaller tags as 
the body cavity of the sturgeon could only accommodate at maximum an acoustic tag 
representing 5% of total body mass. As such, I was limited drawing conclusions based on 
larger tag burden size ranges. Future research could expand the tag burden examined and 
include older Lake Sturgeon by choosing a tag at a higher percentage of body weight to 
test on what the maximum tag limit could be for juvenile sturgeon of larger size ranges.   
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Different Tagging Methods  
 In acoustic telemetry, tag attachment is limited to external or intracoelomic 
implantation (Neves et al., 2018). The preferred method of attachment is strongly 
dependent on body morphology and species (Jepsen et al., 2002). In our study we chose 
to use intracoelomic implantation basing our methodology on prior tag burden studies in 
juvenile sturgeon (Miller et al., 2014; Snobl et al., 2015). However, literature across 
various fish species indicates the potential for variation in tag burden results based on 
tagging method (Neves et al., 2018; Makiguchi et al., 2009). Future studies could build 
on prior literature which considers what the most effective tagging method would be 
based on implantation method (Neves et al., 2018; Liss et al., 2017). A study could be 
developed similar to Neves et al. (2018) to test differences between internal and external 
tagging methods to see whether one method is better suited to sturgeon.  By testing 
variation in tagging procedures, we could further categorize the limiting factors that can 
impact tag burden.   
Outside Variables to Study Tag Burden  
 In my study I only selected for a subset of possible variables to understand tag 
burden impacts but could have chosen from others. Wound healing is often a metric used 
to quantity tag burden effects based on differences in healing post-surgery (Miller et al., 
2014; Ivasauskas et al., 2012). Future research could incorporate wound healing post-
surgery to categorize whether healing rate is related to tag size over time. Beyond wound 
healing, we could also expand on the swim performance metrics used to assess 
differences in tag burden. Swim tests have strong ecological importance in determining 
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metrics ranging from exercise physiology to disease susceptibility (Tierney, 2011). The 
swim test used must then be geared to the research question as Ucrit tests are not 
standardized and therefore there is variation in results based on velocity increases and 
speeds chosen (Downie & Kieffer, 2017). Using methods from Downie & Kieffer (2017) 
I could re-design my Ucrit test by altering velocity/time increments and comparing Ucrit 
values across the range of study designs to determine whether tag burden would vary 
based on study design. I could also test Ucrit using various temperatures as this can also 
have an effect on critical swim speeds (Lee et al., 2003). Re-testing Ucrit at varying 
temperatures could also allow us to determine any seasonal effects of Ucrit my matching 
flume temperatures to those reflective of seasonal variation.        
Ontogeny: Limitations of Juvenile Sturgeon Tag Burden Studies   
 After hatch, larval sturgeon reach adult form rapidly (~40 days) which suggests 
that increased growth rates are a characteristic of increased survival (Gisbert, 1999). 
Within the first year, the species is capable of growing ~1inch per month and slow 
growth/intermittent spawning allows the species to live for a maximum documented age 
of 154 years (Auer, 2013). These growth rates and life history strategies are also likely 
relevant to tag burden studies as within months the tag mass to body mass ratio will begin 
to decrease dramatically. This suggests that the results of our study were limited to a 
small time frame at which tag burden would be relevant for the juvenile fish. To present 
more relevant results, future studies could repeat tagging experiments with fish across 
different timepoints to account for increased growth rates. These results could provide a 
time frame to show how whether tag burden effects vary temporally.  
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Conclusions    
 In this thesis, my primary research focus was to address potential captive rearing 
concerns involving olfaction and tagging effects for Lake Sturgeon being released for 
reintroduction into the Maumee River. When exposing larval Lake Sturgeon to amino 
acid supplemented water I found no positive association with the amino acids when they 
are juveniles. These results have important implications for streamside rearing of Lake 
Sturgeon as our research suggests that natal scent differentiation may not occur during 
the juvenile stage. I was also able to show that intracoelomic acoustic tags representing 
up to 5% of total body weight have no significant negative effects on behaviour, total 
length, mass, condition, or survival up to 76 days post tagging. These results show that 
acoustic tags, of this size, can be effectively used to monitor populations of Lake 
Sturgeon post release. Taking together, these results can have a large impact on sturgeon 
restoration efforts by using olfactory response to understand home site fidelity and 
tagging effects to provide the most effective post-release monitoring for reintroduction 
efforts.   
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Table 4.1 Lake Sturgeon (Acipenser fulvescens) immunohistochemical comparison of olfactory bulb to Zebrafish (Danio rerio), 
Chinook Salmon (Oncorhynchus tshawytscha) and Sea Lamprey (Petromyzon marinus). Labels given in table are shown in Figure 4.1. 
Sturgeon Zebrafish/Chinook salmon 
(Braubach et al. 2012 and 2013, Ochs et al. 2017) 
Lamprey 
(Frontini et al. 2003) 
Dorsal Cluster to be added in Fig. A. is both CR (rostral) and 
Golf (predominant) 
dlG is found in the dorsal lateral portion of the bulb 
labeled with CR and Golf and a posterior portion of this 
chain only immunoreactive to Golf 
A dorsal cluster is labeled with Golf and GS1B4 
CR labels lateral territory with lateral chain (LC) made up 
of various smaller glomeruli (however glomeruli not easily 
distinguished as those found in zebrafish) Fig. A to E. 
CR labeling in lateral territory particularly with 
glomeruli lG1, lG3, lG4, lG5, lGx, lG6 
N/A (lateral territory labeled with GS1B4 lectin show 
some separate clusters in the lateral region, labeling with 
CR not done) 
Golf also labels lateral territory (LC) Fig  A to E. Golf only labels dorsal most lateral glomerulus (lG2) Golf labels lateral territory  
Olfactory Nerve comes into bulb from lateral anterior bulb Nerve comes into bulb more from lateral side of bulb Nerve comes into bulb from medial anterior bulb 
AL (anterior lateral glomeruli) are CR and Golf IR. 
Located rostrolaterally at the entrance of the olfactory nerve.  
There are some Golf-IR clusters and some are both Golf and 
CR-IR.  
  
CR and Golf label medial anterior glomeruli MA (Golf labels 
more of these glomeruli, CR labeling specific clusters) Fig. 
A to C (330 to 600 m) 
CR and Golf label medial anterior glomeruli (Golf labels 
more of these glomeruli) 
Golf labels medial anterior glomeruli  
Posterior medial glomerulus (PM) found ventrally is CR 
immunoreactive but not Golf immunoreactive (750 m)  
N/A Posterior medial glomerulus found ventrally (labeled 
with GS1B4) not Golf immunoreactive 
AP anterior plexus Ventrally in the bulb CR labeled 
anterior lateral glomeruli and CR labeled medial anterior 
glomeruli connect into an area of dense fibers   
N/A Zebrafish has ventral anterior glomeruli close to 
the entrance of the ON to the OB 
N/A The anterior plexus is more rostral and it is also a 
meshwork of fibers. 
VM (ventro-medial glomeruli) CR and Golf labeling in the 
ventral bulb (similar to ventral medial glomeruli) 
Ventrally CR and Golf label various ventral medial 
glomeruli (above these small glomeruli Golf and CR 
label particular. larger ventral medial glomeruli 
separately) in chinook salmon 
Ventral clusters labeled by GS1B4 
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Figure 4.1 Immunohistochemical labeling of horizontal sections of a juvenile Lake 
Sturgeon (Acipenser fulvescens) olfactory bulb. A, B, C, D, E, and F indicate depth of 
olfactory bulb cross sections ranging from 330μm-840μm with an 100μm scale used for 
reference. CR (calretinin binding protein), Golf (G-binding protein), and DAPI (nuclear 
counterstain) were compounds used for labelling cross sections with arrows indicating 
olfactory nerve entering bulb from lateral anterior bulb. LC (lateral chain), LC (lateral 
territory), AL (anterior lateral glomeruli), MA (medial anterior glomeruli), PM (posterior 
medial glomerulus), AP (anterior plexus) and VM (ventro-medial glomeruli) label 
different areas in the olfactory bulb. Courtesy of Dr. Barbara Zielinski and Alexandra 
Zygowska.  
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APPENDICES  
Appendix 1.1 
Amount of time (minutes) sturgeon spent in 6 sections of a Y-maze test flume during a 10-minute behavioural test. Total X PTX (‘X’ 
indicating a number from 1-3) represents the total amount of time the fish spent in one of 6 sections (U, I, O, J, K, or L) during either 
the first 5 minutes of the trial (PT1) or the last five minutes of the trial (PT2). TXMX refers to the trial number (TX) and the maze 
placement (M1, M2, of M3) during that respective trial. 
 T1M1 T1M2 T2M1 T2M2 T4M1 T4M2 T4M3 T5M1 
Total U PT1 2.78 0.73 1.09 1.94 0.75 2.22 1.59 2.61 
Total U PT2 2.65 1.61 0.87 3.31 2.41 1.24 1.30 1.99 
Total I PT1 0.00 1.00 0.17 0.00 0.00 0.99 0.75 0.00 
Total I PT2 0.00 0.72 0.00 0.00 0.00 1.92 0.66 0.00 
Total O PT1 0.00 0.31 0.00 0.00 0.00 1.43 1.85 0.00 
Total O PT2 0.00 1.02 0.00 0.00 0.00 1.98 1.26 0.00 
Total J PT1 2.22 1.27 1.56 3.06 2.33 0.36 0.81 2.28 
Total J PT2 2.51 0.98 2.37 1.89 2.72 0.23 1.08 2.94 
Total K PT1 0.00 0.75 2.10 0.00 0.82 0.00 0.00 0.11 
Total K PT2 0.00 0.32 1.24 0.00 0.00 0.00 0.28 0.08 
Total L PT1 0.00 0.94 0.08 0.00 1.10 0.00 0.00 0.00 
Total L PT2 0.00 0.37 0.73 0.00 0.00 0.00 0.62 0.00 
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Total All 10.16 10.01 10.22 10.20 10.13 10.36 10.21 10.01 
Total Odour PT1 2.22 2.96 1.26 1.94 4.25 0.36 0.81 2.61 
Total Control PT1 2.78 2.04 3.75 3.06 0.75 4.64 4.19 2.39 
Total OdourPT2 2.65 3.34 4.34 1.89 2.41 5.13 3.23 3.02 
Total Control PT2 2.51 1.67 0.87 3.31 2.72 0.23 1.98 1.99 
 T5M2 T6M1 T6M2 T6M3 T7M1 T7M3 T8M2 T8M3 
Total U PT1 0.89 0.93 2.14 1.66 0.12 0.99 3.23 0.50 
Total U PT2 1.07 2.06 2.12 2.84 0.29 0.82 2.61 1.59 
Total I PT1 0.02 0.07 1.80 0.16 0.00 2.63 0.29 0.17 
Total I PT2 0.00 0.85 0.98 0.52 0.00 0.38 0.36 0.43 
Total O PT1 0.00 0.00 0.01 0.00 0.00 0.19 0.00 1.23 
Total O PT2 0.00 0.22 1.29 0.03 0.00 0.00 0.00 3.22 
Total J PT1 2.23 2.22 1.04 2.68 1.91 1.19 1.48 1.93 
Total J PT2 2.18 1.49 0.63 1.62 2.07 3.02 2.08 0.20 
Total K PT1 1.73 1.09 0.00 0.50 0.89 0.00 0.00 0.52 
Total K PT2 1.03 0.24 0.00 0.01 1.10 0.73 0.00 0.00 
Total L PT1 0.13 0.68 0.00 0.00 2.08 0.00 0.00 0.65 
Total L PT2 0.90 0.15 0.00 0.00 1.67 0.07 0.00 0.00 
Total All 10.18 10.00 10.02 10.02 10.13 10.03 10.06 10.44 
Total Odour PT1 0.91 3.99 1.04 3.18 0.12 3.81 1.48 3.10 
Total Control PT1 4.09 1.01 3.95 1.82 4.88 1.19 3.52 1.90 
Total OdourPT2 4.11 3.13 4.40 3.39 4.84 3.82 2.97 5.25 
Total Control PT2 1.07 1.88 0.63 1.63 0.29 1.21 2.08 0.20 
 T9M1 T9M2 T9M3 T10M1 T10M2 T11M1 T11M2 T11M3 
Total U PT1 2.64 2.26 1.05 3.57 2.69 2.75 0.74 1.44 
Total U PT2 1.70 1.28 0.56 2.61 1.86 4.46 0.87 1.48 
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Total I PT1 0.00 0.00 0.66 0.00 0.05 0.00 0.13 1.34 
Total I PT2 0.17 0.02 1.59 0.01 0.42 0.00 0.07 1.50 
Total O PT1 0.00 0.00 0.28 0.00 0.00 0.00 0.00 0.98 
Total O PT2 0.00 0.00 1.69 0.00 0.08 0.00 0.00 2.06 
Total J PT1 2.36 2.74 2.28 1.42 2.06 2.36 2.34 0.62 
Total J PT2 2.01 2.58 0.84 2.38 2.05 0.65 1.60 0.00 
Total K PT1 0.00 0.00 0.67 0.00 0.20 0.00 0.34 0.51 
Total K PT2 0.91 1.70 0.23 0.00 0.61 0.00 0.82 0.00 
Total L PT1 0.00 0.00 0.06 0.00 0.00 0.00 1.45 0.11 
Total L PT2 0.21 0.00 0.21 0.00 0.03 0.00 1.64 0.00 
Total All 10.01 10.57 10.12 10.00 10.05 10.23 10.00 10.04 
Total Odour PT1 2.36 2.74 3.01 3.57 2.74 2.75 0.87 3.76 
Total Control PT1 2.64 2.26 1.99 1.42 2.26 2.36 4.13 1.24 
Total OdourPT2 1.88 1.30 1.28 2.38 2.69 0.65 4.06 0.00 
Total Control PT2 3.13 4.27 3.84 2.62 2.37 4.46 0.94 5.04 
 T12M2 T12M3 T13M1 T13M2 T13M3 T14M1 T14M2 T14M3 
Total U PT1 2.06 2.97 0.68 2.46 2.38 2.70 2.67 2.88 
Total U PT2 0.76 2.78 2.09 2.75 3.17 2.35 1.44 2.55 
Total I PT1 1.19 0.00 0.00 0.00 0.54 0.05 0.22 0.41 
Total I PT2 1.60 0.00 0.00 0.17 0.41 0.25 0.32 0.20 
Total O PT1 0.43 0.00 0.00 0.00 1.31 0.00 0.00 0.00 
Total O PT2 1.32 0.00 0.00 0.00 0.80 0.00 0.02 0.00 
Total J PT1 0.89 2.03 2.29 2.13 0.77 2.24 1.75 1.71 
Total J PT2 1.39 2.44 2.40 2.09 1.01 1.83 1.89 2.29 
Total K PT1 0.42 0.00 0.62 0.39 0.00 0.01 0.29 0.00 
Total K PT2 0.02 0.00 0.33 0.00 0.00 0.41 1.08 0.00 
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Total L PT1 0.00 0.00 1.42 0.02 0.00 0.00 0.07 0.00 
Total L PT2 0.00 0.00 0.36 0.00 0.00 0.16 0.31 0.00 
Total All 10.08 10.22 10.19 10.01 10.40 10.01 10.07 10.03 
Total Odour PT1 1.31 2.03 4.33 2.54 0.77 2.75 2.89 3.29 
Total Control PT1 3.68 2.97 0.68 2.46 4.23 2.25 2.11 1.71 
Total OdourPT2 3.67 2.78 2.09 2.92 4.38 2.40 3.28 2.29 
Total Control PT2 1.41 2.44 3.09 2.09 1.01 2.60 1.79 2.75 
 T15M1 T15M2 T15M3 T16M1 T16M3 T17M1 T17M2 T17M3 
Total U PT1 1.17 2.63 2.69 0.66 2.86 1.64 3.26 2.83 
Total U PT2 2.17 2.26 2.39 1.67 1.36 0.78 2.50 2.50 
Total I PT1 0.00 0.00 0.23 0.00 0.00 0.00 0.16 0.00 
Total I PT2 0.13 0.00 0.13 0.21 0.31 0.44 0.27 0.00 
Total O PT1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total O PT2 0.00 0.00 0.00 0.15 0.27 1.22 0.00 0.00 
Total J PT1 3.67 2.38 1.97 2.12 2.15 2.34 1.58 2.16 
Total J PT2 2.60 2.80 2.45 2.24 1.88 0.99 2.25 2.54 
Total K PT1 0.16 0.00 0.12 0.92 0.00 0.31 0.00 0.00 
Total K PT2 0.16 0.00 0.05 0.62 1.15 0.41 0.00 0.00 
Total L PT1 0.00 0.00 0.00 1.31 0.00 0.70 0.00 0.00 
Total L PT2 0.00 0.00 0.00 0.19 0.19 1.20 0.00 0.00 
Total All 10.06 10.06 10.02 10.10 10.16 10.03 10.02 10.03 
Total Odour PT1 1.17 2.63 2.92 4.35 2.15 3.36 1.58 2.16 
Total Control PT1 3.83 2.38 2.08 0.66 2.86 1.64 3.42 2.83 
Total OdourPT2 2.76 2.80 2.49 2.04 1.93 2.43 2.78 2.50 
Total Control PT2 2.30 2.26 2.52 3.05 3.22 2.60 2.25 2.54 
 T18M1 T18M2 T18M3 T19M1 T19M2 T19M3 T20M1 T20M3 
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Total U PT1 2.73 2.72 2.27 1.95 1.92 1.33 1.78 2.94 
Total U PT2 3.44 2.97 3.08 1.47 1.37 0.90 2.00 0.95 
Total I PT1 0.02 0.00 0.00 1.05 0.78 0.94 1.35 0.32 
Total I PT2 0.01 0.00 0.05 0.06 0.05 0.81 0.25 0.45 
Total O PT1 0.00 0.00 0.00 0.04 0.28 0.43 0.83 0.32 
Total O PT2 0.00 0.00 0.00 0.00 0.00 0.27 0.09 0.00 
Total J PT1 2.26 2.28 2.73 1.96 1.31 1.94 1.07 1.39 
Total J PT2 1.72 2.06 1.96 2.05 2.03 1.47 2.88 0.65 
Total K PT1 0.00 0.00 0.00 0.00 0.62 0.32 0.00 0.16 
Total K PT2 0.00 0.00 0.00 1.16 0.75 0.77 0.00 0.00 
Total L PT1 0.00 0.00 0.00 0.00 0.09 0.03 0.00 0.00 
Total L PT2 0.00 0.00 0.00 0.26 0.99 0.80 0.00 0.00 
Total All 10.17 10.02 10.09 10.00 10.18 10.01 10.24 7.18 
Total Odour PT1 2.74 2.72 2.27 1.96 2.02 2.30 3.95 3.59 
Total Control PT1 2.26 2.28 2.73 3.04 2.98 2.70 1.07 1.55 
Total OdourPT2 1.72 2.06 1.96 1.54 1.42 1.98 2.88 0.65 
Total Control PT2 3.45 2.97 3.14 3.47 3.76 3.04 2.34 1.39 
 T21M2 T21M3 T22M1 T22M2 T22M3 T23M1 T23M2 T23M3 
Total U PT1 1.43 2.68 2.27 2.76 0.79 1.65 2.41 0.92 
Total U PT2 0.38 1.30 2.91 2.70 3.37 2.57 2.55 1.94 
Total I PT1 1.12 0.33 0.04 0.00 0.89 0.23 0.29 0.27 
Total I PT2 0.22 0.38 0.81 0.00 0.87 0.00 0.41 0.52 
Total O PT1 0.51 0.44 0.00 0.00 2.85 0.00 0.00 0.00 
Total O PT2 0.26 0.53 0.24 0.00 0.53 0.00 0.00 0.00 
Total J PT1 1.42 1.55 2.66 2.22 0.47 2.00 2.25 4.06 
Total J PT2 1.16 2.06 1.21 2.38 0.63 2.54 1.89 2.69 
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Total K PT1 0.11 0.00 0.02 0.00 0.00 1.12 0.05 0.52 
Total K PT2 1.73 0.58 0.01 0.00 0.23 0.00 0.23 0.00 
Total L PT1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total L PT2 1.78 0.22 0.00 0.00 0.00 0.00 0.00 0.00 
Total All 10.11 10.08 10.19 10.06 10.63 10.11 10.09 10.91 
Total Odour PT1 1.53 1.55 2.69 2.22 0.47 1.88 2.70 1.18 
Total Control PT1 3.47 3.46 2.31 2.76 4.53 3.12 2.30 4.58 
Total OdourPT2 0.45 2.21 3.96 2.70 4.77 2.54 2.13 2.69 
Total Control PT2 4.67 2.86 1.22 2.38 0.87 2.57 2.96 2.46 
 T24M1 T24M2 T24M3 T25M1 T25M2 T25M3 T26M1 T26M2 
Total U PT1 2.64 2.68 0.91 2.52 2.05 1.80 2.54 1.77 
Total U PT2 2.54 3.40 1.32 1.88 2.17 2.16 0.14 1.57 
Total I PT1 0.00 0.02 1.43 0.00 0.00 0.31 0.76 0.51 
Total I PT2 0.00 0.00 0.97 0.00 0.07 0.21 0.00 0.42 
Total O PT1 0.00 0.00 0.47 0.00 0.00 0.00 0.86 0.80 
Total O PT2 0.00 0.00 0.51 0.00 0.00 0.00 0.00 0.33 
Total J PT1 2.36 1.93 1.37 2.47 2.84 2.71 0.67 0.95 
Total J PT2 2.51 1.83 1.70 3.13 2.19 2.65 1.66 1.64 
Total K PT1 0.00 0.28 0.53 0.00 0.12 0.19 0.00 0.51 
Total K PT2 0.04 0.00 0.40 0.00 0.54 0.12 1.53 0.68 
Total L PT1 0.00 0.00 0.29 0.00 0.00 0.00 0.00 0.36 
Total L PT2 0.00 0.00 0.14 0.00 0.08 0.00 2.13 0.51 
Total All 10.09 10.14 10.04 10.00 10.04 10.13 10.29 10.06 
Total Odour PT1 2.64 2.70 2.81 2.47 2.95 2.90 4.16 3.08 
Total Control PT1 2.36 2.21 2.19 2.52 2.05 2.11 0.67 1.83 
Total OdourPT2 2.55 1.83 2.24 1.88 2.23 2.37 5.32 2.83 
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Total Control PT2 2.54 3.40 2.80 3.13 2.80 2.76 0.14 2.32 
 T26M3 T27M1 T28M1 T29M2 T29M3 T30M1 T30M3 T31M1 
Total U PT1 2.26 1.83 2.46 2.37 2.19 3.75 1.85 0.96 
Total U PT2 2.93 1.86 2.48 2.98 0.51 2.49 2.35 2.36 
Total I PT1 0.00 0.05 0.00 0.69 0.02 0.00 0.67 0.00 
Total I PT2 0.07 0.01 0.05 0.33 0.00 0.00 0.04 0.00 
Total O PT1 0.00 0.00 0.00 0.54 0.00 0.00 0.02 0.00 
Total O PT2 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 
Total J PT1 2.74 2.92 2.54 1.41 2.79 1.25 2.16 2.54 
Total J PT2 2.04 3.14 2.52 1.69 3.82 2.58 2.33 2.69 
Total K PT1 0.00 0.20 0.00 0.00 0.00 0.00 0.30 0.64 
Total K PT2 0.00 0.03 0.00 0.00 0.81 0.00 0.39 0.00 
Total L PT1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.86 
Total L PT2 0.00 0.00 0.00 0.00 0.17 0.00 0.00 0.00 
Total All 10.04 10.04 10.05 10.04 10.30 10.07 10.11 10.04 
Total Odour PT1 2.26 3.12 2.46 1.41 2.79 3.75 2.54 0.96 
Total Control PT1 2.74 1.88 2.54 3.60 2.21 1.25 2.46 4.04 
Total OdourPT2 2.04 1.87 2.52 3.35 0.51 2.58 2.72 2.69 
Total Control PT2 3.00 3.17 2.53 1.69 4.80 2.49 2.39 2.36 
 T31M2 T31M3 T32M1 T32M2 T32M3 T33M1 T33M2 T33M3 
Total U PT1 2.58 1.34 1.09 0.48 2.82 1.59 3.16 2.05 
Total U PT2 2.72 2.13 0.48 1.50 2.46 2.55 2.16 2.93 
Total I PT1 0.00 0.00 0.05 0.00 0.16 0.00 0.06 0.04 
Total I PT2 0.00 0.64 0.00 0.37 1.16 0.45 0.00 0.70 
Total O PT1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total O PT2 0.00 0.06 0.00 0.08 0.11 0.29 0.00 0.13 
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Total J PT1 2.43 3.11 1.67 2.13 2.03 3.41 1.78 2.91 
Total J PT2 2.32 1.55 1.32 2.27 1.46 1.43 2.45 1.26 
Total K PT1 0.00 0.55 0.47 1.50 0.00 0.00 0.00 0.00 
Total K PT2 0.00 0.62 1.04 0.64 0.00 0.30 0.28 0.02 
Total L PT1 0.00 0.00 1.72 0.90 0.00 0.00 0.00 0.00 
Total L PT2 0.00 0.01 2.23 0.17 0.00 0.00 0.17 0.00 
Total All 10.05 10.01 10.07 10.03 10.20 10.02   
Total Odour PT1 2.58 1.34 3.86 4.53 2.03 1.59 3.22 2.09 
Total Control PT1 2.43 3.66 1.14 0.48 2.98 3.41 1.78 2.91 
Total OdourPT2 2.32 2.18 0.48 1.95 3.73 1.72 2.91 1.28 
Total Control PT2 2.72 2.84 4.59 3.08 1.46 3.29 2.16 3.76 
 T34M1 T34M2 T34M3 T35M1 T36M1 T36M2 T36M3  
Total U PT1 2.09 1.95 2.96 2.68 1.39 2.09 0.99  
Total U PT2 0.53 2.17 1.95 2.11 1.63 2.68 1.16  
Total I PT1 0.92 1.09 0.07 0.04 0.22 0.00 1.29  
Total I PT2 0.43 1.18 0.42 0.11 0.00 0.02 0.97  
Total O PT1 0.35 0.98 0.00 0.00 0.02 0.00 2.14  
Total O PT2 0.73 1.03 0.62 0.00 0.00 0.00 0.56  
Total J PT1 1.61 0.97 1.61 2.27 2.43 2.91 0.36  
Total J PT2 1.20 0.76 1.65 2.75 2.42 2.30 1.14  
Total K PT1 0.04 0.00 0.33 0.00 0.72 0.00 0.13  
Total K PT2 1.09 0.00 0.19 0.11 0.85 0.00 0.48  
Total L PT1 0.00 0.00 0.03 0.00 0.22 0.00 0.09  
Total L PT2 1.10 0.00 0.28 0.00 0.18 0.00 0.75  
Total All 10.09 10.14 10.11 10.08 10.10 10.00 10.06  
Total Odour PT1 1.65 0.97 1.98 2.72 1.63 2.09 4.42  
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Total Control PT1 3.36 4.02 3.03 2.27 3.38 2.91 0.58  
Total OdourPT2 1.70 4.38 2.98 2.86 3.46 2.30 2.37  
Total Control PT2 3.38 0.76 2.12 2.23 1.63 2.71 2.69  
 T37M1 T37M2 T38M2 T38M3 T39M1 T39M2 T40M2 T40M3 
Total U PT1 0.37 1.92 1.95 2.52 1.32 1.61 1.61 0.60 
Total U PT2 1.16 0.96 2.24 1.59 0.84 1.92 0.48 2.41 
Total I PT1 0.00 1.24 0.00 0.66 0.15 1.48 0.00 0.07 
Total I PT2 1.71 0.59 0.03 0.58 0.20 0.65 0.03 0.74 
Total O PT1 0.00 0.04 0.00 0.82 0.05 0.39 0.00 0.00 
Total O PT2 2.09 0.17 0.00 0.62 0.03 0.67 0.00 0.42 
Total J PT1 1.05 1.68 3.05 0.98 2.60 1.11 2.14 2.46 
Total J PT2 0.03 1.42 2.40 1.93 1.25 1.41 0.79 1.41 
Total K PT1 1.02 0.10 0.00 0.02 0.79 0.37 0.39 0.91 
Total K PT2 0.04 1.04 0.32 0.34 0.98 0.70 0.73 0.09 
Total L PT1 2.56 0.00 0.00 0.00 0.09 0.04 0.86 0.96 
Total L PT2 0.05 0.88 0.01 0.00 1.70 0.14 2.99 0.00 
Total All 10.07 10.06 10.00 10.06 10.01 10.50 10.02 10.07 
Total Odour PT1 0.37 3.21 1.95 4.00 3.48 1.53 1.61 0.67 
Total Control PT1 4.63 1.79 3.05 0.99 1.52 3.48 3.39 4.33 
Total OdourPT2 0.12 3.34 2.74 2.27 1.08 3.24 4.51 1.50 
Total Control PT2 4.95 1.72 2.27 2.79 3.93 2.26 0.51 3.57 
 T41M1 T41M2 T41M3 T42M1 T42M2 T42M3 T43M2 T43M3 
Total U PT1 0.15 1.10 0.33 1.18 1.90 1.91 0.55 1.84 
Total U PT2 0.34 1.87 0.96 2.48 1.23 1.76 0.47 1.68 
Total I PT1 0.00 0.79 0.00 0.71 1.47 0.09 0.43 1.87 
Total I PT2 0.00 0.52 0.10 0.11 1.18 0.00 0.49 0.61 
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Total O PT1 0.00 1.58 0.00 2.08 1.12 0.00 3.86 0.06 
Total O PT2 0.00 0.78 0.06 0.00 1.47 0.00 4.17 0.00 
Total J PT1 1.16 0.72 0.54 0.74 0.51 2.83 0.16 1.22 
Total J PT2 1.92 1.61 1.14 1.95 1.16 2.35 0.45 2.23 
Total K PT1 0.80 0.35 0.95 0.11 0.00 0.17 0.00 0.00 
Total K PT2 1.29 0.34 0.71 0.29 0.00 0.86 0.00 0.44 
Total L PT1 2.88 0.45 3.18 0.18 0.00 0.00 0.00 0.00 
Total L PT2 1.86 0.01 2.43 0.48 0.00 0.20 0.00 0.12 
Total All 10.40 10.12 10.40 10.32 10.04 10.17 10.58 10.08 
Total Odour PT1 4.84 1.52 4.67 3.98 4.49 2.00 4.84 3.78 
Total Control PT1 0.15 3.48 0.33 1.02 0.51 3.00 0.16 1.22 
Total OdourPT2 0.34 3.16 1.12 2.73 1.16 3.42 0.45 2.79 
Total Control PT2 5.06 1.97 4.27 2.60 3.88 1.76 5.14 2.29 
 T44M1 T44M2 T44M3 T45M1 T45M2 T45M3 T46M1 T46M2 
Total U PT1 0.35 0.32 3.02 1.04 2.37 1.48 1.40 0.95 
Total U PT2 0.35 1.59 2.94 0.56 2.59 1.38 0.96 2.10 
Total I PT1 0.00 0.00 0.09 0.00 0.00 0.00 0.04 0.41 
Total I PT2 0.27 0.01 0.20 0.08 0.00 1.20 0.63 0.21 
Total O PT1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total O PT2 1.00 0.00 0.00 0.00 0.00 1.53 3.11 0.03 
Total J PT1 0.93 1.89 1.89 1.86 2.63 1.97 2.20 2.10 
Total J PT2 0.61 2.24 1.97 1.73 2.43 0.28 0.81 1.66 
Total K PT1 1.00 1.19 0.00 0.47 0.00 0.73 0.67 1.52 
Total K PT2 0.88 0.78 0.00 1.27 0.00 0.33 0.10 0.83 
Total L PT1 2.71 1.59 0.00 1.63 0.00 0.82 0.70 0.02 
Total L PT2 1.95 0.39 0.00 1.44 0.00 0.30 0.00 0.19 
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Total All 10.06 10.01 10.11 10.09 10.02 10.01 10.62 10.03 
Total Odour PT1 4.65 4.68 1.89 1.04 2.37 1.48 3.57 3.65 
Total Control PT1 0.35 0.32 3.11 3.96 2.63 3.52 1.44 1.36 
Total OdourPT2 1.62 1.60 3.14 4.44 2.43 0.91 4.70 2.34 
Total Control PT2 3.44 3.42 1.97 0.56 2.59 4.11 0.91 2.68 
 T47M1 T47M2 T47M3 T48M1 T48M2 T49M1 T49M2 T49M3 
Total U PT1 1.75 1.89 2.54 2.57 1.84 1.28 1.39 2.08 
Total U PT2 3.14 1.72 2.45 2.34 1.49 1.15 0.71 1.73 
Total I PT1 0.00 1.06 0.00 0.00 1.27 0.00 1.29 0.57 
Total I PT2 0.00 0.78 0.00 0.00 0.73 0.12 0.52 1.02 
Total O PT1 0.00 0.71 0.00 0.00 1.68 0.00 1.40 0.98 
Total O PT2 0.00 0.83 0.00 0.00 0.53 0.00 0.74 1.91 
Total J PT1 2.53 1.34 2.42 2.43 0.22 3.55 0.84 1.00 
Total J PT2 1.47 1.47 2.60 2.68 1.53 1.96 0.84 0.39 
Total K PT1 0.32 0.00 0.03 0.00 0.00 0.17 0.00 0.35 
Total K PT2 0.31 0.11 0.02 0.00 0.36 1.18 0.74 0.00 
Total L PT1 0.40 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Total L PT2 0.09 0.14 0.00 0.00 0.37 0.70 1.53 0.00 
Total All 10.01 10.06 10.08 10.02 10.02  10.00  
Total Odour PT1 1.75 3.66 2.54 2.43 0.22 1.28 4.08 3.63 
Total Control PT1 3.25 1.34 2.45 2.57 4.78 3.72 0.84 1.37 
Total OdourPT2 1.87 1.73 2.62 2.34 2.75 3.83 3.11 0.39 
Total Control PT2 3.14 3.33 2.45 2.68 2.26 1.27 1.97 4.65 
 T50M1 T50M3 T51M1 T51M2 T51M3 T52M1 T52M2 T53M1 
Total U PT1 2.36 2.27 2.96 0.33 1.56 1.21 1.40 0.00 
Total U PT2 2.17 2.11 2.35 1.73 2.44 1.01 2.32 0.28 
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Total I PT1 0.42 0.87 0.61 0.38 0.00 0.00 0.00 0.00 
Total I PT2 0.76 0.95 1.37 0.43 0.00 0.09 0.06 0.00 
Total O PT1 0.43 1.66 0.04 0.00 0.00 0.00 0.00 0.00 
Total O PT2 0.42 0.27 0.58 0.58 0.00 0.00 0.00 0.00 
Total J PT1 1.51 0.20 1.39 1.37 3.44 2.32 2.94 0.18 
Total J PT2 1.44 1.55 0.73 1.29 2.93 2.04 2.77 1.12 
Total K PT1 0.28 0.00 0.00 2.34 0.00 0.86 0.52 1.64 
Total K PT2 0.27 0.20 0.00 0.95 0.00 0.93 0.07 1.02 
Total L PT1 0.00 0.00 0.00 0.57 0.00 0.63 0.00 2.60 
Total L PT2 0.08 0.00 0.00 0.03 0.00 1.06 0.00 3.12 
Total All 10.14 10.07 10.03 10.01 10.37 10.14 10.07 9.95 
Total Odour PT1 3.21 4.80 1.39 4.29 3.44 3.81 3.46 0.00 
Total Control PT1 1.79 0.20 3.61 0.71 1.56 1.21 1.40 4.41 
Total OdourPT2 1.79 1.75 4.30 2.74 2.44 1.10 2.38 5.25 
Total Control PT2 3.35 3.33 0.73 2.27 2.93 4.03 2.84 0.28 
 T53M2 T53M3 T54M2 T54M3 T55M1 T55M2 T55M3 T56M1 
Total U PT1 2.62 2.21 1.46 1.05 1.53 0.83 2.38 2.53 
Total U PT2 1.86 2.20 1.67 1.68 1.20 1.24 2.09 2.59 
Total I PT1 0.03 0.26 0.52 0.59 0.00 0.11 0.09 0.87 
Total I PT2 0.24 0.24 1.23 0.80 0.11 0.26 0.43 0.46 
Total O PT1 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.63 
Total O PT2 0.09 0.00 0.11 0.98 0.00 0.15 0.05 0.16 
Total J PT1 2.00 2.29 1.67 2.06 2.83 1.11 2.65 0.97 
Total J PT2 2.18 2.51 1.48 1.05 2.15 1.65 2.29 1.70 
Total K PT1 0.34 0.23 1.33 0.74 0.63 1.01 0.10 0.00 
Total K PT2 0.86 0.09 0.52 0.53 1.19 1.40 0.17 0.10 
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Total L PT1 0.00 0.00 0.05 0.49 0.00 1.93 0.00 0.00 
Total L PT2 0.03 0.00 0.01 0.04 0.50 0.34 0.00 0.00 
Total All 10.25 10.04 10.05 10.06 10.14 10.02 10.25 10.01 
Total Odour PT1 2.65 2.46 3.05 3.28 1.53 0.94 2.47 0.97 
Total Control PT1 2.33 2.53 1.97 1.71 3.46 4.05 2.75 4.03 
Total OdourPT2 3.07 2.60 3.01 3.46 3.85 3.39 2.46 3.21 
Total Control PT2 2.19 2.44 2.01 1.61 1.31 1.65 2.58 1.80 
 T56M2 T57M1 T57M2 T58M1 T58M2 T58M3 T59M1 T59M2 
Total U PT1 0.66 2.00 1.92 2.64 1.35 1.78 1.13 2.63 
Total U PT2 0.37 2.50 1.43 2.56 1.33 1.71 2.56 2.97 
Total I PT1 0.00 0.45 0.26 0.01 0.38 0.33 0.13 0.05 
Total I PT2 0.16 0.45 0.46 0.10 0.55 1.05 0.58 0.08 
Total O PT1 0.00 0.08 0.00 0.00 0.00 0.00 0.02 0.00 
Total O PT2 0.16 0.06 0.01 0.00 0.49 0.43 0.00 0.00 
Total J PT1 1.41 1.99 2.38 1.97 2.91 2.61 1.95 2.24 
Total J PT2 1.61 1.75 1.56 1.97 1.75 1.09 1.57 2.03 
Total K PT1 1.05 0.37 0.44 0.38 0.36 0.28 1.19 0.10 
Total K PT2 0.99 0.17 1.40 0.36 0.69 0.74 0.14 0.01 
Total L PT1 1.88 0.10 0.00 0.00 0.00 0.00 0.58 0.02 
Total L PT2 1.77 0.15 0.18 0.04 0.18 0.03 0.31 0.00 
Total All 10.06 10.07 10.04 10.03 10.00 10.05 10.16 10.11 
Total Odour PT1 4.35 2.46 2.82 2.64 1.73 2.12 1.27 2.68 
Total Control PT1 0.66 2.53 2.18 2.36 3.27 2.88 3.73 2.35 
Total OdourPT2 0.69 3.01 1.90 2.37 2.63 1.86 2.02 2.03 
Total Control PT2 4.37 2.07 3.14 2.66 2.37 3.19 3.14 3.04 
 T59M3 T60M1 T60M2 T60M3 T61M1 T61M2 T61M3 T62M2 
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Total U PT1 2.04 2.85 0.44 1.73 1.30 0.58 1.64 1.63 
Total U PT2 1.57 0.70 0.63 0.90 2.69 2.39 0.91 1.06 
Total I PT1 0.42 0.00 0.13 0.42 0.16 0.03 0.69 2.14 
Total I PT2 0.47 0.72 0.43 0.18 0.67 0.00 1.78 0.94 
Total O PT1 0.31 0.00 0.09 2.52 0.06 0.00 0.15 0.77 
Total O PT2 0.95 2.98 0.77 0.14 0.31 0.00 1.56 0.20 
Total J PT1 2.06 2.15 1.49 0.33 1.60 0.76 1.48 0.46 
Total J PT2 1.69 0.71 0.90 1.71 1.11 2.00 0.73 1.34 
Total K PT1 0.16 0.00 1.15 0.00 0.83 0.80 0.72 0.00 
Total K PT2 0.48 0.16 0.83 0.37 0.14 0.55 0.09 0.97 
Total L PT1 0.02 0.00 1.70 0.00 1.05 2.82 0.32 0.00 
Total L PT2 0.38 0.00 1.47 1.96 0.13 0.12 0.00 0.49 
Total All 10.54 10.27  10.27 10.05 10.06 10.07 10.01 
Total Odour PT1 2.76 2.15 4.34 0.33 3.48 4.39 2.53 4.54 
Total Control PT1 2.24 2.85 0.65 4.67 1.52 0.61 2.48 0.46 
Total OdourPT2 2.56 4.40 1.82 1.22 3.67 4.39 4.25 2.80 
Total Control PT2 2.99 0.87 3.20 4.05 1.38 0.61 0.82 2.20 
 T62M3 T63M1 T63M2 T63M3 T64M1 T64M2 T65M1 T65M2 
Total U PT1 1.32 2.77 1.13 2.77 1.28 2.65 2.28 2.32 
Total U PT2 2.65 2.56 1.15 2.78 1.79 2.71 2.73 3.26 
Total I PT1 0.86 0.00 0.00 0.06 0.52 0.00 0.00 0.97 
Total I PT2 1.26 0.00 0.15 0.17 0.42 0.25 0.31 0.17 
Total O PT1 2.14 0.00 0.00 0.00 0.23 0.00 0.00 1.27 
Total O PT2 1.51 0.00 0.18 0.00 0.02 1.26 0.00 0.00 
Total J PT1 0.57 2.23 1.73 2.18 1.91 2.34 2.72 0.39 
Total J PT2 0.00 2.51 1.20 2.08 2.07 1.24 2.00 1.64 
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Total K PT1 0.10 0.00 0.45 0.00 0.75 0.01 0.00 0.05 
Total K PT2 0.00 0.00 1.36 0.00 0.72 0.00 0.00 0.00 
Total L PT1 0.00 0.00 1.68 0.00 0.31 0.00 0.00 0.00 
Total L PT2 0.00 0.00 1.05 0.00 0.05 0.00 0.00 0.00 
Total All 10.42 10.08 10.09 10.04 10.06 10.47 10.05 10.08 
Total Odour PT1 4.32 2.77 1.13 2.83 2.97 2.35 2.72 0.44 
Total Control PT1 0.68 2.23 3.87 2.18 2.03 2.65 2.28 4.57 
Total OdourPT2 0.00 2.51 3.61 2.08 2.23 4.22 3.04 3.44 
Total Control PT2 5.42 2.56 1.49 2.95 2.84 1.24 2.00 1.64 
 T65M3 T66M1 T67M1 T67M3 T68M1 T68M3 T69M1 T69M2 
Total U PT1 1.90 0.97 2.36 2.34 1.60 2.02 1.75 0.00 
Total U PT2 0.74 0.85 2.63 2.22 1.39 2.69 2.57 1.96 
Total I PT1 0.60 0.66 0.00 0.83 0.76 1.01 0.00 0.00 
Total I PT2 0.65 1.01 0.00 0.66 0.60 0.00 0.00 0.54 
Total O PT1 0.66 0.84 0.00 1.48 0.67 0.65 0.00 0.00 
Total O PT2 1.13 1.47 0.00 1.08 0.60 0.00 0.00 1.04 
Total J PT1 1.64 1.26 2.56 0.35 1.55 1.31 2.84 0.34 
Total J PT2 1.67 0.50 2.39 1.04 1.54 2.39 2.64 1.41 
Total K PT1 0.13 0.46 0.09 0.00 0.26 0.00 0.29 0.80 
Total K PT2 0.40 0.37 0.04 0.00 0.40 0.00 0.00 0.04 
Total L PT1 0.08 0.81 0.00 0.00 0.16 0.00 0.12 3.87 
Total L PT2 0.43 0.84 0.00 0.00 0.47 0.00 0.00 0.01 
Total All 10.02 10.04 10.05 10.01 10.01 10.08 10.21 10.01 
Total Odour PT1 1.85 2.47 2.64 0.35 1.97 1.31 1.75 0.00 
Total Control PT1 3.15 2.53 2.36 4.65 3.03 3.69 3.25 5.00 
Total OdourPT2 2.52 1.71 2.43 3.97 2.59 2.69 2.64 1.46 
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Total Control PT2 2.50 3.33 2.63 1.04 2.42 2.39 2.57 3.54 
 T69M3 T70M2 T70M3 T71M1 T71M2 T71M3 T72M1 T72M2 
Total U PT1 2.39 0.00 0.17 0.69 1.87 2.89 1.77 1.57 
Total U PT2 2.20 2.19 0.13 1.29 1.67 2.89 2.26 0.00 
Total I PT1 0.00 0.00 0.76 1.50 0.62 0.00 0.01 0.20 
Total I PT2 0.08 0.78 0.08 1.39 1.34 0.33 0.00 0.00 
Total O PT1 0.00 0.00 4.07 2.52 0.03 0.00 0.00 0.04 
Total O PT2 0.00 1.28 1.30 1.70 0.73 0.06 0.00 0.00 
Total J PT1 2.61 0.06 0.00 0.11 1.88 2.11 3.17 2.44 
Total J PT2 2.73 0.82 0.12 0.58 1.10 1.79 2.74 2.72 
Total K PT1 0.00 0.38 0.00 0.19 0.54 0.00 0.04 0.43 
Total K PT2 0.00 0.08 0.13 0.50 0.18 0.00 0.00 1.96 
Total L PT1 0.00 4.57 0.00 0.00 0.05 0.00 0.00 0.31 
Total L PT2 0.00 0.08 3.62 0.00 0.00 0.00 0.00 0.33 
Total All 10.00 0.00 10.37 10.48 10.02 10.07 10.00 10.01 
Total Odour PT1 2.39 0.00 5.00 0.30 2.47 2.11 1.78 1.81 
Total Control PT1 2.61 5.00 0.00 4.71 2.53 2.89 3.22 3.19 
Total OdourPT2 2.73 0.98 3.86 4.39 3.74 3.28 2.74 5.01 
Total Control PT2 2.27 4.25 1.51 1.08 1.28 1.79 2.26 0.00 
 T72M3        
Total U PT1 0.57        
Total U PT2 1.02        
Total I PT1 0.57        
Total I PT2 2.35        
Total O PT1 0.40        
Total O PT2 0.68        
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Total J PT1 1.37        
Total J PT2 1.01        
Total K PT1 1.71        
Total K PT2 0.03        
Total L PT1 0.36        
Total L PT2 0.00        
Total All 10.08        
Total Odour PT1 1.54        
Total Control PT1 3.45        
Total OdourPT2 1.04        
Total Control PT2 4.05        
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